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Thermal Length Changes of Some Refractory Castables 


S. J. Schneider and L. E. Mong PHYSICS Library 


heating and cooling cycles were determined. The tests consisted of determinations on 

castable specimens that had been heat treated at either 110°, 1,050°, or 1,300° C. A de- 

tailed description of the apparatus is given, especially that of the dilatometer assemblies. ' 
These assemblies incorporated differential transformers to give a record of length changes &. 

as they oecurred. The data suggested that the same general length-change characteristics SE 
were exhibited by castables that had received the same curing and heat treatment. Length- 

change curves of all three groups illustrated silica inversions. Curves of the 110° C group 

indicated contractions associated with cement reactions, namely, the loss of water of hydra- 

tion and the conversion of amorphous alumina to y alumina, 


- 
The changes in length exhibited by a variety of refractory castables during complete ve 


1. Introduction | were cut from each 2- by 2- by 10-in. bar. In 
order to insure proper dilatation values, the ends of 
Invaluable aid can be gained by using thermal- | each specimen were ground plane and perpendicular 
expansion and contraction curves as guides in defin- | to the long axis. Irregular or rough ends could cause 
ing what allotropic changes occur, in determining at | displacement or misalinement of the specimen, which 
what temperatures reversible and irreversible volume | in turn would result in erroneous expansion values. 
changes take place; and by indicating the tendency of | To facilitate grinding, a moderate coat of shellac 
materials to spall [{1|.' This is especially true of | was applied to the ends of all friable specimens. 
refractories, the life and serviceability of which are 
directly affected by these thermal characteristics. . Apparatus 
This report endeavors to supply some of the needed 
information on one particular family of refractories, 3.1. Assembly 
“the refractory castable. lo provide a compre- 
hensive study of this type of refractory, the investi- The apparatus used in this investigation is essen- 
gation included length change determinations on | tially automatic, needing little supervision once 
commercial brands, as well as laboratory-prepared | started. For the purpose of description, it can be 
castables. divided into three separate units, each having its 
2. Specimens own distinct operation. They are (1) dilatometer, 
| (2) furnace, and (3) instruments for temperature 
2.1. Composition | measurement and control. Figure 1 illustrates the 
assembled apparatus used for the determination of 
thermal length changes. 
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Fourteen commercial brands and six laboratory- 
prepared groups of castables were used for tests 
conducted in this investigation. The commercial | 
brands, selected to provide materials having a wide | 
range of refractoriness, were obtained from a num- | 
ber of different manufacturers. Laboratory-pre- | 
pared castables contained either 10, 20, or 30 per- | 
cent of domestic high-alumina cement as the bond- | 
ing material. These percentages of cement, in addi- 
tion to appropriate amounts of aggregate, either 
calcined Kentucky flint clay or crushed high-heat- 
duty firebrick, constituted the experimental labora- 
tory mixes. The more important properties of the 
aggregates, the cement, and the commercial casta- 
bles used in this investigation were given by Heindl 
and Post in previous reports [2, 3]. — 


2.2. Preparation 


Prismatic 2- by 2- by 10-in. bars were prepared 
from the laboratory mixes and the commercial 
brands as outlined in Heindl’s first report [2|. Four 
test specimens, approximately 1- by 1- by 7%-in., 
_ 


Figure 1. Assembled apparatus used for determining thermal 
length changes. 


(A) Program controller; (B) dilatometer assemblies; (C) furnace; (D) differential 
' Figures in brackets indicate the literature references at the end of this paper length change recorder; (E) temperature recorder. 








ARMATURE ; 

























































of th 
coiL ature 
. ~— PORCELAIN INSULATOR tical 
d > over 
UU U 
SAPPHIRE RODS ~~) | FURNACE LID All 
= and | 
c— bo at let 
110°, 
subje 
SPECIMEN fired 
a 5-h 
UJ ul furna 
| 7 temp 
Figure 2. Upper portion of dilatometer assemblies al a ba ~ 
| r 
oe at ee en ee antial pte es ~ at ae [| ¢praemmocource SECTION AA speci 
The three outer sapphire rods support the mounting. The center rod connects and 
mature to top of specimen ‘ : 
« lowll 
2 speci 
: S lated 
3.2. The Dilatometer 3 Ww in fig 
3 z , ture 
Figures 2 and 3 show the assembly of parts for the 2 for a 
dilatometer. Except for the use of a differential A-iemmocouet perio 
transformer in place of a dial indicator, the entire =. 550° 
assembly is similar to that deseribed by Geller and perat 
Yavorsky [4]. The transformer is preferable for this ALUMINA did 
application because of its automatic recording led thert 
features. Also, its internal frictional forces and its CC satiate mad Y appr 
force exerted on the specimen are only a fraction of ' meas 
those produced by the dial indicator. Kelly and | Fraerr 3. Schematic diagram of a dilatometer ass mbly eng | of tl 
Harris [5] have reported expansion equipment that related parts lengt 
also utilizes differential transformers in a similar One of the three sapphire rod supports is not shown in the vertical section was 
manner. ture. 
The theory and operation of the differential trans- } feren 


and 13' in. deep. In order to obtain uniform | “def 


former are described in detail in various bulletins and . fe utr 
temperatures, the furnace utilized 16 silicon-carbide | diffe: 


manuals [6, 7]. In essence, the transformer consists 


of a primary coil, a secondary coil, and a permeable heating rods, 14 horizontal and 2 vertical, system- | 1(D) 
armature. "The armature is attached directly to a atically spaced in the chamber. A variable trans- ’ (ne 
sapphire rod, which in turn rests on top of the speci- former capable of supplying 50 amp at 270 v to the was: 
men. As the specimen expands or contracts, the heating rods enabled the furnace to attain temper- Tl 


atures up to 1,500° C. A total of three dilatometer ,  pece: 
assemblies, each holding one specimen, can be follo 
heated simultaneously in this furnace. Figure 3 yesti 
incidates the relative position of one specimen and — ¢han 
dilatometer assembly in this furnace. 


armature correspondingly moves axially in the coils, 
thus generating a signal proportionate to the differ- 
ential length change between the specimen and the 
sapphire rods. This signal, when amplified and 
balanced, is recorded on the strip chart of the 
differential length-change recorder (fig. 1 (D)). The 


percentage of thermal expansion or contraction was 3.4. Temperature Measurement and Control 
‘aleulated from these data and = corresponding + wher 
sem cetial | eng Phe sensitivity of the A cirele-chart-recording potentiometer with a cam- 
differential length-change measurements was con- De ‘oor: attac , : -eculate 
Ste Ga<te Ce ced thn anemone type program attachment, (fig. 1 (A)) regulated 
sidered fo be UY.00U5 In., and the aecuracy was | furnace temperatures. Temperatures near the speci- 
estimated to be +0.0005 in. mens were recorded on a six-point strip-chart 
recorder by means of six noble-metal thermocouples. 
3.3. The Furnace The sensitivity and accuracy of the temperature 


measurement were estimated at 3 deg and £5 degC, , 
The furnace, a box-like structure composed of | respectively. The relative positions of the thermo- 
* insulating firebrick suitable for use at 3,000° F, | couples and specimen are indicated in figure 3. 4. — 
encased in a Transite and steel framework, (fig. | few additional temperature readings obtained by t Pen 


1 (C)) contained a chamber of 6} in. wide, 13 in. long | means of thermocouples placed near the midpoint / (6 
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f the specimens indicated that the vertical temper- 
ae eradient Was approximately linear. The ver- 
i = - 
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‘ical gradient ranged between 5 deg and 15 deg C 


> over a 7-1n. Span. 


4. Experimental Procedure 


All specimens were first cured for 24 hr at 21 Cc 
and 95-percent relative humidity, then air-dried for 
at least 3 months and final) heat treated at either 
110°, 1,050°, or 1,300° © Specimens initially 
subjected to the latter two heat treatments were 
fired in a gas furnace at a rate of 37.5 deg C/hr with 
a 5-hr soaking period at the top temperatures. The 
furnace and specimens were cooled naturally to room 
temperature. For the 1,050 and 1.300° Cheat 
treatments, the specimens were set in muffles. 

Prior to the actual expansion determination, each 
specimen was dried overnight at 110° CC, cooled, 
and then measured for length. Immediately fol- 
lowing the length measurements, the specimens, 
specimen holders, differential transformers, and re- 
lated parts were positioned in the furnace as shown 
in figure 3 and figure 1(B). The furnace tempera- 
ture was raised by using a control cam that called 
for a 100-deg C rise per hour, with a 15-min holding 
period at each LOO-deg C interval and at 250° and 
590° C. After a 15-min holding period, the tem- 
perature eXisting in the specimen approached but 
did not attain the temperature indicated by the 
thermocouples. This error affected the results to 
approximately the same extent as the error. in 
measuring length changes. When the strip chart 
of the recorder (fig. 1(D)) indicated a differential 
length change of at least 0.0005-in./min the furnace 
was shut off and allowed to cool to room tempera- 


ture. The temperature at which this rate of dif- 
ferential length change occurred was called the 
“deformation temperature.” Temperatures and 


differential changes in length were recorded, (figs. 
1(D) and (E)) during both heating and cooling. 
One specimen, or more, from each heat treatment 
was tested in this manner. 

The same procedure was followed in obtaining 
necessary calculation and calibration data. The 
following equation was used throughout this in- 
vestigation for the calculation of thermal length 
changes at any given temperature: 


LOOR 


1 +-A, 
where 
S=percentage length change, 
R=differential length change in inches, as 
indicated by recorder (fig. 1(D)), 
L=specimen length in inches at room tempera- 
ture following 110° C heat treatment, 
A=percentage expansion for sapphire taken 
from figure 4. 
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to similar heat treatments 
previously by Heindl and 
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Figure 4, Thermal-expansion curve for 


diameter sapphire rod measured along an axis 62°30! 4 
from C-axis. 


Figure 4 was obtained from expansion tests con- 
ducted with the dilatometer, using a fused-silica 
specimen as a reference material. Expansion values 
above 1,000° C were extrapolated. The difference 
between these results and those obtained by others 
[4] did not exceed 0.0002 in./in. This discrepancy 
could be attributed to differences in rod orientation. 


5. Results 


Thermal length changes of neat high-alumina 
cement, commercial brands* of castables, and 
laboratory-prepared castables are illustrated graphi- 
‘ally in figures 5 through 12. All curves show the 
changes exhibited during complete heating and 
cooling cycles. 

Repeated tests made on either fused-silica or 
polyerystalline alumina specimens proved the re- 
producibility of data. The difference in results 
obtained on these specimens from test to test was 
within experimental error. Figure 6 indicates the 


The length-change curves of only 5 of the 14 commercial brands tested are 
reported in this paper. The five brands were considered typical of the entire lot. 


rs] war we 


nee «a 


[68 @ @2S nm 


























“a and 
a o ] for | 
; - 4 mole 
) ~ , s| as tl 
tats . 4 of tl 
BF | is @' 
¥ w . miIxe 
: hi s 4 vers! 
: 3 4 cenie 
S ad del 
f 2 cem 
y fn , retal 
J Se of t 
; 0 ° the 
7 » (figu 
Oo , occu 
od P - a con 
a z wi e X-ra 
3 JZ 4 e alun 
$ 4 rs) © © ; or 
; 7a . : , cept 
rs t « 
3 - s E aml 
Mu al : rial 
, R e * o - to t 
econo © =x las 
“ — petr 
4 6 - 4 
3 S Bo 000 1200 1400 
TEMPERATURE, °C TEMPERATURE, °C 

wes ay Thermal length changes of neat high-alumina cement Fiaure 6 Thermal length changes of a commercial castable T 
at 110 = ed for 28 days in a “fog room” and heat treated heat treated at 110° ¢ cem 
‘0 coed ee a Pa _Curves C-2A, C-2B, and C-2C represent three specimens cut from one bar, | type 
National Bureau of Standards prod 
y te “oe se aii chro 
reproducibility of results obtained on three speci- | [2]. "It is assumed that the cement, when hydrated, | 
mens ol ostensibly the same castable material. cured ond air-dried contelon varieties of decrees gate 
Small, but significant differences in the leneth change alumina and hwdlnatadl eatin a vont ra a8 soni crus 
curves of these specimens are apparent. gibbsite (ALO s-3H.O) or hydrated amorphous alu. | brie 
; ; mina, together with one or more hexagonal ealeium |“ 
6. Discussion of Results aluminate hydrates and perhaps triealeium alu“ 
minate hexahvdrate (8CaO-AL,O,-6H,O) [8]. These age 
6.1. Neat Cement compounds have also been found by Wells et al., in 20" 
- their study of the CaOQ-Al,O,-H,O system [9]. Thu 
The thermal length-change characteristics of a On the basis of these assumptions, explanation "S° 
neat high-alumina cement would influence the ex- | can be offered for the rapid contractions that occur = 

pansion or contraction properties of any castable, | between 200° and 400° C and between 800° and 

heat treated at 110° ©, in which the cement is a | 900° C. It is logical to assume that the first con- 

constituent. Examination of the curve showing | traction (200° to 400° () is caused by the loss of 
length changes of neat high-alumina cement during | water of hydration. This is substantiated by dif- B 
the first heating (fig. 5) reveals two features that | ferential thermal analysis and by water-loss curves 1% 
appear as characteristics of both neat cement and | obtained in different investigations [3, 10]. Gibbsite, heat 
castables. They are (1) rapid contraction occurring | by losing its water of hydration, converts to the ) CM 
between 200° and 400° C, and (2) a lesser contrac- | amorphous form of alumina, provided it is intimately bets 
tion between 800° and 900° C, | mixed with the other hydrated cement constituents © t 
Due to the complex nature of high-alumina | [11, 12]. It is noteworthy that studies by Peppler labo 
cement, there is no general agreement as to its | and Wells [13] indicated that boehmite (ALO,-H,0) trea 
exact constitution. Wells found that anhydrous | may be intermediately formed before the amorphous?" 
high-alumina cement contained CaQO-Al,O; and | variety. Definite conclusions applicable to this A 
3CaO.-5Al,0; as its major constituents, and 2CaO.-SiO, | particular investigation cannot be made because leng 
and iron compounds as its minor constituents [8]. | their work was performed above atmospheric pressure. for | 
Petrographic examination of the cement used in Gibbsite, when heated alone to temperatures as Th 
this investigation revealed that it was composed | low as 600° C, apparently is converted to y alumina. other 
essentially of monocalcium aluminate, tetracalcium | Insley suggested that a greater “activation energy” { {" 
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and a higher “threshold temperature” are required 
for this conversion when the amorphous alumina 
molecules are separated by rigid silica molecules, 
as they are In dehydrated kaolin [11]. The effect 
of the silica on the amorphous alumina conversion 
‘; evidently repladed by the effect of intimately 
mixed dehydrated caleium aluminates on the con- 
version of amorphous atumina in high-alumina 
cement. Differential thermal-analysis curves of 
dehydrated kaolin [11] and dehydrated high-alumina 
cement [3] show that the y-alumina conversion is 
retarded until approximately 900° CC. Comparison 
of these differential thermal-analysis curves with 
the length-change curve of high-alumina cement 
(figure 5) seem to offer evidence that the contraction 
occurring between 800° and 900° C is caused by the 
conversion of amorphous alumina to y alumina. 
X-ray patterns taken on samples of neat high- 
alumina cement that had been heated to either 700° 
or 900° C, and then air-quenched, showed no per- 
ceptible y alumina. However, petrographic  ex- 
amination * of the 900° © sample did indicate mate- 
rial was present with an index of refraction similar 
to that of y alumina. It could not be identified 
positively. The 700 Cc sample, when analyzed 
petrographically , contained no identifiable y alumina. 


6.2. Aggregate 


The aggregate that is used in combination with 
cement to form refractory castables may vary in 
type and proportion, dependent on the desired end 
product. Caleined fire clays, blast-furnace slag, 
chrome ore, and varieties of crushed firebrick have 
all been used as the aggregate. Perhaps the aggre- 
gate most commonly emploved in 
crushed firebrick. Expansion curves of various fire- 
bricks and fire clays are reproduced in numerous 
articles and books [1, 14, 15]. The outstanding fea- 
ture of the curves given in these references for the 
aggregates used in this investigation is the indica- 
tion that silica is present as a major constituent. 
Thus, it can be expected that the changes in slope 
associated with silica inversions might also be pres- 
ent in the length-change curves of the castables. 


castables is 


6.3. Castables, Heat Treated at 110° C 


Because a refractory castable is a heterogeneous 
mixture of a hydraulic high-alumina cement and a 
heat-resistant aggregate, its thermal-expansion and 
contraction properties are, except where reactions 
between the two occur, a composite of the properties 
of the two separate ingredients. The curves of the 
laboratory-prepared castables that had been heat 
treated at 110° © (fig. 8) show the effects of var\ ing 
percentages of cement. 

Although no eastable duplicated another in its 
length-change properties, a definite trend or pattern 
foreach heat treatment is evident at temperatures 
‘The X-ray pattern of the 900° C sample was furnishe 1 by A. Posner, Re 
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Valkenburg and G. t nie, Mineral Products Division, 


below 1,100° C. Common characteristics illustrating 
this general trend, for the 110° C heat-treatment 
group, are shown by figures 6,7, and 8. By correla- 
tion of data, it is evident which length-change phe- 
nomena of castables can be attributed to the cement 
and which to the aggregate. The 200° to 300° C 
and the 800° to 900° C contractions, prevalent 
throughout these typical curves, are caused by 
cement reactions, namely, the loss of water of hydra- 
tion and the conversion of amorphous alumina to 
the y variety, respectively. Similarly, below 1,100° 
(‘, the aggregate is responsible for other noticeable 
features of the length-change curves, such as the 
changes in slope occurring in the room temperature 
to 200° C range. These changes appear to be due 
to inversions of tridymite and/or cristobalite. Pub- 
lished articles [1, 16] on the expansion properties of 
silica corroborate this conclusion. 

Above 1,100° C, deviation from the general trend 
is apparent. When rapid contraction occurs, as 
shown in figures 7 (C-11) and 8 (C, D), normal 
sintering is taking place. Examination of photo- 
micrographs showed that those castables heated by 
Heindl [3] at 1,350° C contained very porous mate- 
rial between the aggregate particles. This would 
indicate that a denser phase, such as a variety of 
glass, had been formed. The reasons for rapid con- 
traction and subsequent expansion, as illustrated by 
figures 7 (C-13) and & (EF), are debatable. A pos- 
sible explanation is presented by petrographic anal- 
vsis, which showed that a recrystallization process 
had occurred at the higher temperatures. These 
crystals were too small for positive identification [3]. 
Entrapped gas could possibly cause sudden expan- 
sion, or “bloating”, at the higher temperatures. 
However, the common characteristics associated 
with “bloating” were not apparent. 

Reaction between the cement and the aggregate 
definitely occurred above 1,100° C. This was clearly 
shown by photomicrographs and petrographic anal- 
vses [3]. Although there was no noticeable reaction 
in the castables heated at 1,050° C, there was con- 
siderable evidence of it in those heated at 1,350° CC. 
Amorphous and glassy material, as well as the afore- 
mentioned crystals, were present in abundance. 

The refractoriness of the castables depended upon 
the percentages of cement, as indicated by figure 8. 
Apparently the greater the cement percentage, the 
less refractory the castable. Table 1 better illus- 
trates this point. 

Comparison of ‘deformation temperatures” with the 
tion of the laboratory-prepared castables of figure 8 


TABLE lI. 


com pos 


Heat Leforma- 


Castable treatment Ageregat Cement a " 
ture 
( b/A  #Y 
\ 1 Firebrick 30 1, 265 
1 11) do 20 1, 280 
Cc 110 do 10 1, 320 
1) 110 Flint clay 30 1, 260 
t 110 do 20 +1, 310 
} 110 do 10 1, 345 
‘Deformation temperature’’ is here defined as the temperature at which the 
specimen expanded or contracted at the rate of 0.0005 in./min indicates 
contraction, indicates expansion 
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6.4. Castables, Heat Treated at 1,050° or 1,300 - with reactions of the cement, especially the lon! Journd 
of water of hydration and the conversion of _ 
Tha lea c a . one = er -, . me i amor. 
Phe length-change curves ol those castables he at | phous alumina to y alumina, and silica INVersioy Pp 
treated at 1,050° C (figs. 9, 10) or 1,300° C (figs. | of the agereeate 

2) indicate that a general trend or pattern ts ee oe : , 
11, 12) indicate that a general trend or pattern Is | ['ypical curves of both the 1,050° and 1,3009° 
again apparent at temperatures below 1,100 C. groups indicated possible silica inversions. Hoy 
Length-change characteristics common to most of | eyer, the length changes related to cement reactions 
the curves, best illustrated by figures 9(C-11) and | were absent from these curves. As evidenced he! 
12(F), are the changes in slope that occur between | eyryes of all three groups, sintering of the castabl, 
room temperature and 200° C. These changes | began only at temperatures above 1,100° C. " 
again indicate the presence of a combination of ; 
tridvmite and cristobolite. Examination of typical 


1,050° or 1,300° C length-change curves show that 8. References 
the contractions between 200° and 300° Cand 
, ) a . ~ 11 * H. Norton, ‘fractories, p. 482 (MeCGraw-H}j 
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ne eat Z rhe z they h, 0 ny ol ld ag i [3] R. A. Heindl and Z. A. Post, Refractory castables: Il, ? 
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or contracted, but never did both. | [7] Automatie Temperature Control Co., Inc., Phila. Pa, | 
Instruction manuals, it 
[8] L. S. Wells, Reaction of water on caleium aluminates, titre 
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‘ : ‘ ; : ry m2 s 
prepared castables were determined by using dilatom- RP1539 :; B- 
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formers as their sensing or indicating device. The Année, Fascicule I], Mars-Avril (1955 eri 
effect of heat treatment was shown by length-change | [11] H. Insley and R. H. Ewell, Thermal behavior of th fy , 
determinations on castables initially heat treated kaolin minerals, J. Research NBS 14, 615 (1935 au 
) | iT | 1.300 C Tl F P . . | RP792 dev 
nt 110 » 1,050 , OF OU _ le data are presente [12] R. Roy, D. M. Roy and E. E. Francis, New data ot i ‘I 
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Examination of the data indicates that the same | [13] R. B. Peppler and L. 8. Wells, The system of lime, 
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by castables that had received the same euring end fl4] R. A. Heindl, The thermal expansion of refractories to tool 
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Below 1.100° C. the thermal leneth-change prop- [15] R. \. Heindl and W. L. Pendergast, Fire clays; Some = 
tie f th » castables heat treated at 110° C fundamental properties at several temperatures, BS twe 
erties of those castables heat treated at 1! J. Research 5, 213 (1930) RP194 the 
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group distinctly indicate length changes associated Wasnineron, April 5, 1956. a 
. es 
des 
by 
the 
acl 
pre 
we 
sul 
; wa 
Ch 
this 





the | FE inal of Research of the National Bureau of Standards Vol. 59, No. 1, July 1957 Research Paper 2769 
« OSs oul 


f amor. 
VeTslons 
> 


Precise Intercomparison of Acids by Differential 


. 7 . . ° * 
swe ~~ Potentiometric Titration with Hydrogen Electrodes 
How. 
AUCTIONS . 
cod ta Roger G. Bates and Edward Wichers 
Stables _ : : . , , : : 
C rhe purity of two preparations of benzoic acid, three of oxalic acid, and three of potas- 
: sium hydrogen phthalate has been compared by a precise determination of the equivalence 
of each substanee with the same solid reference base, sodium carbonate, the only requirements 
for which were that its composition be uniform and remain constant throughout the series of 
measurements. The inflection point in each titration was determined by a differential 
potentiometric method utilizing two hydrogen electrodes. The procedure, which gives a 
ill Book degree of precision greater than has previously been reported for acidimetrie determinations, 
is deseribed in detail. When about 0.06 equivalent of acid was used in each titration, the 
stables reproducibility attainable was better than 0.002 percent. The failure of the inflection point 
CT. Soe and the equivalence point to coincide exactly has been considered in evaluating the reliability 
of the procedure, 
les: TI, } The purity of one of the samples of benzoie acid, as determined independently from ac- 
mts, J curate measurements of the freezing point, was 99.997 mole percent. Single crystals of 
benzoic acid grown from a melt of this material were selected as a reference acid and were 
e Oxid regarded to have a purity of 100.000 percent. In terms of this reference, a preparation of 
Irconia, potassium hydrogen phthalate consisting of optically perfect crystals was found to have a 
purity of 100.000 percent. The method is adaptable to a variety of acids and bases and, 
record. hence, provides an additional criterion of purity for these substances, 
T. So 
= 1. Introduction | acidic substance. The resulting solution was washed 
| into the differential titration vessel and the exact 
., Pa In order to increase the accuracy attainable in the | inflection point established by addition of a dilute 
jinat titration of acids and bases, it is desirable to have | solution of alkali. The results showed that the 
precise methods for evaluating the purity of the method Is capable of greater accuracy than Is Or- 
Study several substances that are commonly employed as | dinarily attained in acidimetric titrations, even when 
(104n acidimetric and alkalimetric standards. The com- | these are performed with great care. 
40 er . | aa rapier . “sty =¢]) idie 
) position of such standard substances can often be | In the present work, the purity of solid acidic 
roires, qssessed most conveniently and directly by an acid- | substances has been compared by determining the 
‘itiéme hase titration, and the internal consistency of a | equivalence of each with a solid reference base, 
f tl series of acidic or basic standards can only be satis- | sodium carbonate, the only requirements for which 
or th or . | i a von : 24 - . . J nm . 
i933, factorily demonstrated when these procedures are | Were that its composition be uniform and remain 
developed to a high degree of precision. | constant throughout the series of measurements. 
‘ =a fa al . - . . » ° me rl . . , 2 ni ° Pans 
—< The ordinary simple titration of an acidie substance | The final adjustment to the inflection point was 
6 with a solution of a strong alkali is beset by several | made, as in the earlier work, by adding a dilute 
lirme well-recognized hazards. Among these are contamina- | solution of sodium hydroxide. Eight preparations 
seare! tion of the solution with atmospheric carbon dioxide: of three acidic substances of unusual analytical 
drainage and calibration errors, where volumetric | interest were selected. These were samples of ben- 
pago techniques are employed; a change in the titer of a | 20ie acid, oxalic acid, and potassium hydrogen 
oh, . i. ’ : : ; | \ : = . as ° 
Some standard solution of alkali; and the disparity be- phthalate. The establishment of the inflection point 
+ BS! tween the change point of a chemical indicator and | by differential means was studied and certain refine- 


the true equivalence point of the acid-base reaction. 
Although the accuracy of each titration may, none- 
theless, approach 1 part in 10,000, errors are often 
compounded by the necessity of combining the 
results of 2 or 3 separate operations to obtain the 
desired assay value. 

The differential electrometric titration developed 
by MacInnes and Cowperthwaite [/,2]'! represents 
the most significant advance in the technique of 
acid-base titrations that has been reported up to the 
present time. In their procedure, an accurately 
weighed quantity of a solution of sodium hydroxide 
sufficient to neutralize about 99.7 percent of the acid 
was allowed to react with the solid sample of the 


ments introduced. 


2. Experimental Procedures 
2.1. Materials 


The anhydrous sodium carbonate used in all of 
the work was a finely granular product, offered by 
the manufacturer as a “Primary Standard”. When 
the preparations for a series of titrations were being 
made, an amount of the carbonate sufficient for the 
series was placed in covered platinum dishes and 
heated in a muffle furnace at 350° to 400° C for 3 to 
4 hr, with oceasional stirring. It was essential that 
the carbonate be homogeneous. Hence, before the 


*Presented before the XVth Inter tio | Congress of Pure and Applied ° ¥ a 
St cco agg Flr womiylh eellsanfh -~—Yapaapma dina a salt had cooled to room temperature, it was mixed 
—____- thoroughly by tumbling on glazed paper and was 
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then bottled and stored in a desiccator. 








Two preparations of benzoic acid, three of oxalic 
acid, and three of potassium hydrogen phthalate 
were intercompared, these were designated 1 B, 2 B, 
1 Ox, 2 Ox, 3 Ox, 1 P,2 P,and3 P. The preparation 
and purity-evaluation of these substances are des- 
cribed in the following paragraphs. 

1 B. Benzoie acid, coarsely granular, from a lot 
prepared as a reference material for specific-heat 
calorimetry. The method of purification of this 
substance, by fractional freezing, and the subsequent 
treatment to remove water and gases trapped in the 
crystalline material were the same as those used in 
preparing the acid for use in thermometric standards 
issued by the National Bureau of Standards. These 
procedures are described in two earlier publications 
[3,4]. In fact, the final treatment of the acid and 
one of the assays for purity were conducted in 
thermometric cells of the kind described in the second 
of these publications [4]. The purified acid was 
transferred from the cells by melting and pouring 
into platinum dishes, which were stored over phos- 
phorus pentoxide until the acid was frozen, to 
sxrevent absorption of moisture by the somewhat 
Dcseonentie liquid acid. The purity of the acid, as 
estimated from its observed freezing temperature in 
the thermometric cells, was 99.997 mole percent. 
The acid was congealed in the platinum dishes and 
then crushed in an agate mortar and sieved through 
bronze sieves. The portion used was that passing 
through a No. 10 sieve (U.S. Standard Sieve Series) 
and retained on a No. 50 sieve. Benzoic acid in 
this form is not appreciably hygroscopic in the range 
of humidities experienced in Washington. 

The evaluation of purity referred to above was 
made by comparing the freezing temperature with 
that of another lot that had been subjected to more 
exhaustive purification and whose triple-point tem- 
perature Was the highest ever observed for benzoic 
acid at the Bureau. Such a comparison is less 
sensitive and, in general, less accurate than an 
evaluation based on observation of the changes of 
temperature as the substance progressively freezes or 
melts. Calorimetric observation of the melting 
curve, that is, measurement of the heat capacity of 
a substance in the temperature range just below its 
final melting or initizl freezing temperature, 
commonly regarded as being the most sensitive and 
the most reliable means of determining the content 
of liquid-soluble, solid-insoluble impurities in a sub- 
stance. This procedure was applied to a portion of 
the granular product prepared in the manner des- 
cribed. A quantity sufficient to fill a platinum 
calorimetet [5] was transferred to a 
ampoule, whose neck was sealed to the calorimeter 
vessel. After evacuation of the assembled appa- 
ratus, the benzoic acid was melted and allowed to 
flow by gravity into the platinum vessel, which was 
then separated from the glass ampoule by flame- 
sealing. 

By the calorimetric procedure, the benzoic acid 
_was found to have a purity of 99.999 mole percent. 
On the basis of extensive experience with benzoic 
acid, it is believed that the acid used did not contain 
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impurities of the solid-solution, or mixed-cerystal type | 


in sufficient amount to invalidate the purity estimates 
of 99.997 and 99.999 mole percent as representing 
the actual approach to ideal purity that wa 
tained with this substance. 

2 B. Benzoic acid, prepared by further purifica. 
tion of the material represented by 1 B. 
preparation the starting material (1 B) was trans. 
ferred by sublimation to a glass vessel designed fop 
growing single crystals of low-melting substaneos 
from their own liquids.’ The capacity of this vesgo} 
was about 500 ml. After the acid was melted, the 
vessel was slowly lowered, by a clockwork, through 
a bath composed of two immiscible liquids. The 
lower layer was maintained at about 100° © and 
the upper layer at 150° C. There was a sharp 
discontinuity of temperature at the boundary. 
As the conical tip of the container passed through 
this boundary, one, or at most a very few, crvstal 
nuclei were formed, from which growth continued as 
the vessel was progressively lowered through the 
temperature boundary. By this procedure, impuri- 
ties tended to be rejected into the remaining liquid 
and were thus concentrated in the portion of the 
sample that was the last to freeze. 

In this instance, crystal growth was allowed to 
proceed at the rate of 0.4 mm/hr. The total time of 
freezing was about 3 weeks. When the operation 
was completed, the vessel was inverted in the bath 
and heat applied in such a way as to remelt the 
small portion that was the last to freeze. This liquid 
was allowed to flow into a bulb in the stem. After 
the bulb was sealed off, the vessel was restored to its 
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normal position, the remaining solid was remelted, 
and the entire operation repeated. The final solid 
consisted of a large single crystal associated with 
another portion in which twinning occurred. The 
vessel was cut open and the single-crystal portion 
separated from the remainder. The portion of this 
that was the last to freeze was cut off and the rest 
transferred to an envelope of platinum foil which was 
then sealed by gold-soldering so as to exclude further 
contact with air. The solid acid was crushed to a 
powder by compressing the foil envelope in a vise 

This preparation of benzoic acid was considered to 
have ideal purity, subject to the assumption, based 
on collateral experience, that it) did = not contain 
significant impurities present in solid solution. For 
the purposes of comparison with other acidic sub- 
stances by titration, it is regarded in this paper as 
having the exact composition CyH,CO.H. 

1 Ox. Anhydrous oxalie acid, finely crystailine, 
prepared by dehydration of a reerystallized hydrated 


acid. Dehydration was accomplished by heating at 
60° C in a vacuum desiccator under a pressure ol 
| mm of mereury. After 7 days, the dehydrated 


material was ground in a mortar and the powdered 


acid returned to the desiccator for 7 days at 60° C. 


The product was transferred to weighing bottles and 
weighed in an atmosphere of 15- to 25-percent relative 
humidity. The purpose of this and the other oxalic 


Che apparatus and procedure will be described in a forthcoming publication 
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yreparations was to find whether a substance 
closely approaching the exact composition H,C,O, 
could be obatined. om: ; 

9 Ox. Anhydrous oxalic acid identical with 1 Ox, 
except that after transfer to weighing bottles, and 
before weighing, the acid was again placed in a 
vacuum desiccator at 60° C for 18 hr. The vacuum 
was broken with dry air and the bottles capped im- 


acid | 


mediately. 

3 Ox. Anhydrous oxalic acid prepared by de- 
hvdrating at 60° C a product of reagent quality, con- 
tained in a flask sealed to a receiving tube, under 
constant evacuation with a mercury-diffusion pump. 
After heating at 60° C for 28 hr, the dehydrated acid 
was warmed to 100° C, whereupon it slowly sublimed 
into the receiving tube during a period of 48 hr. 
After transfer to the weighing bottles, but before the 
weighings were made, the acid was dried again in 
vacuum at 60° C for 18 hr. 

1 P. Potassium hydrogen phthalate. The prod- 
uct used was that issued by the National Bureau of 
Standards as Standard Sample 84d, a standard for 
acidimetry. This is a granular material containing 
numerous very small inclusions of the solution from 
which the substance was crystallized. The water in 
these inclusions can be removed virtually completely 
by crushing the crystals to a rather fine powder and 
drving at about 100°C. A sufficient amount of the 
granular standard was crushed and dried in the man- 
ner deseribed and stored in a desiccator. This sub- 
stance is not appreciably hygroscopic in the range of 
humidities experienced in Washington. 

2 P. Potassium hydrogen phthalate. This prepa- 
ration consisted of portions selected from large single 
crystals of the substance. These crystals were grown, 
by the falling-temperature method, in a filtered solu- 
tion of material identical with 1 P. The crowing 
time was about 45 days, and each of the final crystals 
weighed between 10 and 25 g. The purpose was to 
eliminate those impurities, including water, that are 
known or presumed to be present as entrapped 
mother liquor in the granular material and, by greatly 
increasing the ratio of volume to surface, to minimize 
impurities of the type that may be adsorbed on the 
surface of the granular crystalline product. These 
are two important sources of impurities in crystalline 
substances. The reerystallization could not be ex- 
pected to change materially the content of impurities 
present in solid solution. From the relatively high 
purity of the granular material, as determined by the 
conventional acidimetric assay, this category of pos- 
sible impurities was thought not to be important. 

The large ortho:hombic single crystals were not 
completely free of imperfections. To eliminate im- 
purities that might with these im- 
perfections, the best of the erystals were broken up 
into flakes about 1.5 mm thick by systematic cleav- 
ages parallel to the [O01] faces and the individual 
pieces painstakingly inspected, selected, and further 
trimmed, under the microscope, to yield sufficient 
amounts of small pieces free from discontinuities or 
inclusions for the intended acidimetric evaluation. 

3 P. Potassium hydrogen phthalate. This prep- 


be associated 
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aration was identical with 2 P, except for the further 
refinement that the trimming of the flakes obtained 
by cleavage along the [001] faces was accomplished 
by systematic separation parallel to the weak [100] 
cleavage plane. The selected small pieces of this 
preparation, therefore, were bounded entirely by the 
[001] and [100] cleavage planes and the natural [011] 
faces. This obviated the ragged surfaces resulting 
from the unsystematic trimming of the primary 
cleavage flakes of preparation 2 P. 

The selected pieces, all of which were inspected 
with a polarizing microscope at 100 magnifications, 
were handled exclusively with fire-polished glass im- 
plements. To lift and transfer them, gentle suction 
was applied through a glass tube of small diameter. 
The inspection and collection of a 10-g sample of 
this crystalline material required about 2 days. 


2.2. Hydrogen Electrodes 


The bases for the hydrogen electrodes were pieces 
of platinum foil about 1 em square. For titrations of 
benzoic and oxalic acids, the foils were coated with 
platinum black by electrolysis for about 11% min at 
a current of 300 ma in a 3-percent solution of chloro- 
platinie acid to which lead acetate trihydrate had 
been added in the amount of 80 mg/100 ml of plating 
solution. 

It well known that the platinum-hydrogen 
electrode is unstable in solutions of potassium hydro- 
gen phthalate. Electrodes coated with palladium 
nevertheless behave well in phthalate solutions [7]. 
Hence, the platinum foils were coated with pal- 
ladium black instead of platinum black for use in 
solutions of potassium hydrogen phthalate. The 
plating solution contained about 1 percent of pal- 
ladium and the same concentration of lead acetate 
as the platinum solution. The current density and 
time of plating were the same as for platinizing. A 
piece of palladium strip served as an anode, 

The electrodes were freshly prepared for each 
titration and were stored in distilled water for 1 to 2 
hr before use. At the completion of a titration, they 
were cleaned by dipping in a warm solution com- 
posed of 3 parts of concentrated hydrochloric acid, 
| part of concentrated nitric acid, and 4 parts of 
water. The same portion of this cleaning solution 
was used repeatedly for stripping platinum and 
palladium. 

The necessity for very pure (oxygen-free) hydrogen 
was emphasized by MacInnes and Cowperthwaite [7] 
in their adaptation of the differential method to the 
use of hydrogen electrodes. The hydrogen used in 
the present work was passed through a tube of soda- 
lime and through a two-stage purifier consisting of a 
platinum catalyst at room temperature and a tube 
containing finely divided copper heated to 500° C. 


Is 


2.3. Method and Apparatus 


The intercomparison consisted essentially in a 
determination of the weights of each acid stoichio- 
metrically equivalent to a given weight of the refer- 
and |7] 


See, for example, references [6] 








ence base, sodium carbonate. The purity of the 
sodium carbonate did not, therefore, influence the 
result, but it was necessary that the portions of the 
carbonate used in all the determinations of a given 
series be identical in composition. Accordingly, all 
of the portions were transferred, through a powder 
funnel, into the weighed weighing bottles in as short 
a time as possible. The transfers, which required 
only about 30 see for a series of six, were performed 
in a dry box at an atmosphere of 15- to 20-percent 
relative humidity. A glass scoop holding approxi- 
mately 3 g of carbonate made this rapid transfer 
possible. 

Potassium hydrogen phthalate and benzoic acid 
are not appreciably hygroscopic, and the samples 
of these substances could be adjusted readily to the 
desired weight, within 1 or 2 mg. Anhydrous oxalic 
acid, however, is converted into the dihydrate if the 
relative humidity exceeds about 11 percent at 25° C 
[8] and is, accordingly, more hygroscopic than sodium 
carbonate. For this reason, it was considered de- 
sirable to adjust the weight of the carbonate rather 
than that of the oxalic acid, after an approximate 
amount had been transferred as described above, to 
about the quantity required. This final adjustment 
was made on a balance contained in a dry box. The 
operation was completed within about 30 min after 
the bulk of the material was transferred. The 
weighing bottles were closed when a transfer of 
carbonate was not actually being made. 

The reaction between the acid and the carbonate 
took place in the flask shown in figure 1 (A), pro- 
vided with a spray trap plugged with platinum 
gauze. The caps were removed from the weighing 
bottles containing the samples of carbonate and 
acid. The larger bottles in which the acid was 
weighed were lowered into the reaction flask by 
means of the platinum device shown at B (fig. 1); 
the smaller carbonate bottles were placed in the 
flask with a pair of cork-tipped tweezers. The caps 
were washed with a small quantity of water, the 
washings being allowed to pass into the flask. 
Ninety milliliters of water was then added, the spray 
traps moistened, and the reaction flask stoppered. 

In order to effect complete solution of the benzoic 
acid samples, the reaction flask was placed in a water 
bath at 70° after the sodium carbonate was entirely 
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dissolved. 
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In the oxalic acid titrations, jt 
sometimes necessary to warm the flask to dissoly 
precipitated sodium oxalate. The solution now | 
containing only a slight excess of the free acid 


Was 


° > P Was 
rinsed carefully into the cell vessel (A, fig. 2) from 
which the inner chamber (g¢) and accessory apparatus 


had been removed. It was found possible to rins 
the reaction flask and the bottles therein tho ie 
with about 90 ml of water. The cell was of such 
size that the total volume of solution could not 
exceed 225 ml without interfering with the addition 
of accurately reproducible increments (usually 9 
drops) from the tip of the buret. —- 

After the solution had been transferred to the cell 
the openings for electrodes, buret, and hvdrogen de- 
livery tubes were stoppered. A tube carrying a 
sintered-glass thimble at its lower end was inserted 
in the cell, and a vigorous stream of carbon-dioxide. 
free hydrogen was passed through the solution for 
| hr to purge it of dissolved carbon dioxide. 

A considerable number of preliminary experiments 
demonstrated that removal of carbon dioxide was 
incomplete at pH values exceeding 7. Accordingly, 
pH-titration curves in the vicinity of the end point 
were constructed from measurements with a glass 
electrode. With the aid of these, an excess of 0.25 
percent of oxalic or benzoic acid was found to be 
sufficient to insure the removal of the carbon dioxide 
in | hr, but an excess of 0.7 percent of potassium acid 
phthalate was required, 
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carbonate-free solution of sodium hydroxide, the 
inflection point being established by the differential 
method utilizing two hydrogen electrodes. The 
method derives its precision from the fact that the 
neutralization takes place to the extent of at least 
99.3 percent by reaction of two materials that can 
be weighed with high accuracy in solid form. <A 
precision of 0.1 percent in the location of the inflee- 
tion point and in the determination of the excess of 
acid corresponds lo a@ precision of 0.0007 percent in 
the equivalence ratio, 


2.4. Determination of the Inflection Point 


After the purging had been completed, the thimble 
and delivery tubes were rinsed with a small quantity 
of carbon-dioxide-free water and the apparatus as- 
sembled as shown in figure 2. Pure hydrogen was 
supplied at the three standard-taper joints, a. The 
jet of gas emerging in fine bubbles from the bubbler, 
d, of the Branham-Sperling type [9] served both to 
stir the solution effectively and to furnish the hvdro- 
gel electrode in the body of the cell with an adequate 
supply of gas. In the work of MacInnes and Cow- 
perthwaite [7], a lift pump served the dual function 
of circulating the solution through the inner chamber 
(g), whose purpose was to isolate a small portion of 
solution from the remainder, and of supplying gas 
to the “retarded” electrode mounted inside this 
chamber. It was necessary, therefore, to interrupt 
the flow of gas to the inner electrode when an incre- 
ment of alkali was added to the bulk of the solution. 
In the present work, it was believed that somewhat 
steadier readings were obtained if the flow of hydro- 
gen Was maintained. The tube delivering the gas 
to the inner electrode fitted the aperture at the lower 
end of the inner chamber rather snugly. The rate 
of bubbling was reduced during a measurement, and 
the stability of the potential difference between the 
electrodes indicated that the two solutions did not 
mix appreciably. 

The 0.02-N’ carbonate-free solution of sodium 
hydroxide used to titrate the excess acid in the cell 
was kept in a paraffin-lined flask and was stand- 
ardized against the Standard Sample of potassium 
hydrogen phthalate at the beginning and again at 
the end of each series, In order to remove dissolved 
oxygen from the alkali, a portion of the alkali solu- 
tion was placed in flask B, and hydrogen bubbled 
through it for 1 hr before the buret (C) was filled. 
The short length of thick-walled rubber tubing at 
f was impregnated with a paraffin-petrolatum mix- 
ture [1]. The saturator, D, prevented deposition of 
salt by evaporation in the fine passages of the bub- 
bler, d, whereas D’ guarded the alkali solution in B 
from changes of concentration during the purging. 
Both saturators were filled with distilled water. 

Ten to twenty minutes was usually required for 
the potential difference between the two hydrogen 
electrodes, as measured by a potentiometer, to drop 
to 0.1 to 0.2 my. The inner chamber, which had a 





volume of about 12 ml, was occasionally flushed by 
closing stopcock b. The chamber, E, through 
which hydrogen escaped from the body of the cell, 
prevented air from gaining entrance as solution rose 
againing. The buret, C, was flushed by the hydro- 
gen escaping from B before it was filled by closing 
stopcock e. The approximate volume of alkali re- 
quired to complete the titration was calculated, and 
1 ml less than this amount was added after carefully 
filling the tip of the buret. The chamber, g, was 
flushed repeatedly until the potential difference was 
again near zero and the titration continued, with 
the addition of increments of 2 drops, until the in- 
flection point (as indicated by the peak in the poten- 
tial difference) had been exceeded by at least 0.5 ml. 
The inner chamber was flushed four times before the 
addition of each 2-drop increment. 

About 3 ¢ of sodium carbonate was used in most 
of the determinations reported in this paper, and 
accordingly the amounts of the acids were approxi- 
mately as follows: Benzoic acid, 7 g; oxalic acid, 
2.8 ¢; and potassium hydrogen phthalate, 12 g. 
Somewhat smaller weights of material were used in 
series Il. With these quantities of carbonate and 
acid, the peak potential differences at the inflection 
point, resulting from addition of an increment of 2 
drops of 0.02-N sodium hydroxide, were about 7.5 
mv in the phthalate titrations and 28 to 35 mv in 
the titrations of the stronger benzoic and oxalic 
acids. About 18 to 22 ml of the alkali solution was 
required to titrate the 0.7 percent excess of potassium 
hydrogen phthalate, whereas 7 to 9 ml was necessary 
to neutralize the 0.25 percent excess of the other 
two acids. One milliliter of 0.02-N’ sodium hy- 
droxide is equivalent in neutralizing power to slightly 
more than 1 mg of sodium carbonate. 

In order to locate the inflection point in the titra- 
tion curve with the greatest possible accuracy, a 
suitable method of interpolating between successive 
increments must be sought. For this purpose, 
either the measured potential difference, AF, be- 
tween the two hydrogen electrodes, or the reciprocal 
of AF, was plotted against some function of the cor- 
responding volume of alkali. The latter was 
m+ r)/2, where 7, is the total volume of alkali used 
prior to the addition of the increment in question, 
and 7, is the increment volume. 

Plots of the potential differences (AZ) in the 
phthalate titrations against this function of the 
number of milliliters of dilute alkali added were 
nearly straight lines on either side of the inflection 
point, as the data for a typical titration (shown at 
the top of fig. 3) demonstrate. The intersection of 
these lines was taken to be the true inflection point, 
and the corresponding quantity of dilute alkali was 
read from the plot. This method of plotting the 
data for benzoic and oxalic acids gave curved lines 
on either side of the inflection point, but the recip- 
rocal plot suggested by Gran [10] gave straight lines, 
as shown in the bottom half of figure 3. The volume 
corresponding to 0.005 percent in the purity of the 
iid sample is indicated on each of the plots_in 
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figure 3. 
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Fiaure 3 Graphical determination of the inflection point 


3. Results and Calculations 


3.1. Design of Experiments 


The determinations were made in four series, aes- 
ignated 1, 11, 11, 1V. The first three consisted of 
six individual titrations, and the fourth consisted of 


10. The general pattern used in the first three series 
was 1—2—-3-—3-2-1 and, in the fourth series, 1-2-3 
4—5-5-4-3-2-1, where each number represents 1 of 


the 8 acid preparations. The repetition of the titra- 
tions in reverse order eliminates any linear trend that 
might cause the result obtained to be influenced by 
position in the series. The averages are unaffected 
by a linear drift arising from either known or un- 
known sources. 


3.2. Weighings 


All of the weighings were made on a semimicro- 
balance that had a reciprocal sensitivity of 0.007 to 
0.008 mg per scale division at a load of 10 to 20 g. 


} 
} 
| 
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The new set of weights used was calibrated just be. 
fore the determinations reported here were begun 
The corrections to the weights of denominations lens 
than 1 g were known to 0.001 mg. Inasmuch as the 
rest points were usually reproducible to +1 seal 
division, or somewhat better than 0.01 me all 
weights were recorded to 0.001 mg. = 
The observed weight of each substance was ¢op. 
rected to the vacuum basis. For this purpose, the 
density of dry air at the temperature and barometric 


pressure obtaining at the time of the weighing was ? 


used. The density of each of the solid materials was 
determined at 25° C. A 25-ml volumetric flask 
served as a pyenometer. The liquids used were bep- 
zene (for sodium carbonate, oxalic acid, and potas- 
sium hydrogen phthalate) and ligroin (for benzoic 
acid). The values obtained were 2.42 for the density 
of sodium carbonate, 1.32 for fused benzoie acid, 1.88 
for anhydrous oxalic acid, and 1.62 for potassium 
hvdrogen phthalate. 

In view of the dry ing treatment accorded the oXalie 
acid preparations 2 Ox and 3 Ox, it was necessary to 
weigh the weighing bottles charged with acid on a 
different day from that on which the weight of the 
empty bottles was obtained. The effect of the 
changed buoyancy of the air was largely nullified 
by the tare used in all the weighings. The weight 
of the tare and that of an empty weighing bottle 
differed in all cases by less than 1.2 g. This difference 
should cause an error of only 0.0003 percent in the 
weight of the smallest sample (2.6 g) of the acid un- 
der the conditions of temperature and barometric 
pressure at the time the two sets of weighings were 
made. 


3.3. Titration Data 
The results of the 27 determinations are given in 
tables 1 and 2. The percentages listed in column 6 
of table 2 are based on the arbitrary figure of 100.0000 


PaBLeE 1. Corresponding weights of acids and sodium carbonate 


~~ 


Weight of Weight of Weight of acid | 


Series wid NaCO 


Acid sampk Weight of NaCO 


vacuum vacuum 

qd q 
(i 7. 147879 $. 12206 2. 304128 
iI 7. 3172 3. 039350 2 304168 
Lt 1. 370418 1. SOGOU 2. 304227 
Il 1 567110 1. YS211S 2. 304156 
1 B benzoic acid )I1I 6.634762 | 2.879444 2. 304182 
Ill 7. 17926 3. 115702 2 304155 
I\ 7. 286208 $. 162192 2. 304192 
I\ 6. 834195 2. WHOL 2. 304170 
. , ji\ 6. 971129 $. 25517 2. 304112 
2 B benzoic acid 11\ 6. 448933 2 TOS57YU 2 404038 
(I 2 G1U566 3. 436884 0. 840481 
I 4. 332206 3. 422713 S448 
Il 2 4530442 2 UTSASE s40459 
1 Ox oxalic acid H 2 973362 2 676117 849500 
III 3. 460188 4. 073228 S40405 
Ill 3. 303727 , SSUOTU S4U48S 
> Ox oxalic acid fI\ 3. 036824 3. 575211 S49411 
a tN 2. Y63550 3. 488051 S441 
j1\ 3. 173541 3. 735047 S406 
3 Ox oxalic wid TN 2 55OR24 012443 8497.50 
l P potassium hydro 1 12. 298343 . 191200 y RE2RDI 
gen phthalate I 12. 246136 | 3. 17TSNt } 853548 
2 P potassium hydro It 7. SS3861 2. 04591 §. SHS4H3 
gen phthalate fill 11. 852784 4. OF 5N35 $. S5S305 
3 P potassium hydro- (III 11. 177509 2. GOOOS. 3, SSO05 
gen phthalate {IN 11. 625558 3.0172 853022 
LIN 11. 546783 > WITT 3, 853067 
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TABLE 2. 


Series 


Acid sample 


I 
I 
li 
Il 
1 B benzoic acid iT 
II! 
IV 
IV 
j1\ 
2 B benzoic a id iV 
I 
I 
1 Ox oxalic acid + 
Ill 
Ill 
9 Ox oxalic acid. . . .-.------------------------e+e--se0ee" (iy 
3 Ox oxalic acid Pert tu 
{I 
1 P petassium hydrogen phthalate. _....--------------- I 
li 
2 P potassium hydrogen phthalat« ae te 
3 P potassium hydrogen phth slate j ps 


percent for the assay of the sodium carbonate used 
The mean of all determinations 
on each acid preparation and the standard deviation 
of each mean are also found in col mn 6. The per- 
centages given in column 7 are based on a figure of 
100.0000 percent for the purity of the 2 B benzoic 
acid, which ts believed to be the purest of the eight 
preparations included in the study. The 1955 atomic 
weights [77] were used in the computations. 

The approximate molarity of salt at the equiva- 


as a reference base. 


lence point is listed in column 3 of table 2. The pH | when 
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Summary of results 


Molarity of pH change 


salt at 
equivalence 


point 


16 
1s 
14 
12 
1s 
17 


0.16 
16 


29 


. 18 


2 


change 
alkali 


point (column 4), and 8, the 


the sensitivity of the titrat 
The solubilities of the sa 
that large samples of the acids could be 


for 0.01% gx 105 
excess 
alkali 

Moles p 

0. 65 3.9 

65 3.9 

41 3.5 

41 3.5 

60 3.8 

5 3.9 

65 3.9 

65 3.9 

Mean 


Standard deviation 


3.9 
3.8 


0. 65 
60 


Mean 
Standard deviation 


1.0 
1.2 
0. 90 

S4 
1.3 


1.2 


to to to Wl tt tO 


Mean 
Standard deviation 


tw the 
on 


Mean 
Standard deviation 


) 
0.9 2.5 


Mean 
Standard deviation 


10.6 
10.6 
7.1 


heheh 


Mean 
Standard deviation 


0. 25 ¥8 
24 &.Y 
Mean 


Standard deviation 


Mean 
Standard deviation 


Purity (vers 
Na,oCO,= 
100.0000°%) 


100. 0124 
0. 0013 


100. 0151 
100. OLS2 


100. 0167 
0. 0022 


yy. YN" 
99. 9991 
100. 0025 
99. 9976 
99. 9982 
99. 9990 


Wy. GOU4 
0. 0017 


100. OOS1 
100. 0082 


100. 0081 
0. 0001 


99. 9T82 
99. 9682 


99. 9732 
0. 0071 


100. 0021 
100. 0034 
100. 0057 


100. 0037 
0. 0018 


100. 0074 
100. O176 


100. 0125 
0. 0O72 


100. 0171 
100. O159 


100. 0165 
0. OOUS 


caused by the addition of 
in the immediate vicinity of the inflection 


us 





Purity (versus 
2 B benzoic 
acid= 
100.0000°%) 


(100. 0000) 


99. GR27 


99. 9V1, 


99. 956s 


99. GR70 


WY. 995s 


OY. WUVs 


0.01 percent of 


Van Slyke buffer value 
(72) near the equivalence point (column 5), indicate 


ions. 
lts were sufficiently great 


conveniently 


titrated, and the precision of the results was thereby 
It seemed desirable, however, to ascer- 
tain whether the results were substantially different 


enhanced. 


the titrations were performed in a more dilute 








solution. Some titrations of benzoic acid 1 B and 
potassium hydrogen phthalate 1 P were accordingly 
conducted with samples of such size that the concen- 
tration of salt at the equivalence point was about 


0.05 M. The results, expressed in terms of ideal 
purity for the sodium carbonate, were as follows: 
100. O10 
1 B: Benzoie acid (% ‘100. O14 
Mean (%) 100. O12 
Standard deviation (%) 0. 003 


000 
023 


LOO. 
1 P: Potassium hydrogen phthalate | 100. 


(%) 99. 995 

} 100. 030 

(100. 006 

Mean (%) 100. O11 
Standard deviation (%) 0. O15 


By comparison with column 6 of table 2, it will be 
seen that the results obtained from the dilute solu- 
tions, although of lower precision than those from 
the more concentrated ones, have the same average 
value, within the estimated uncertainty of the 
measurements. 


3.4. Inflection Point Versus Equivalence Point 


It is important to inquire whether the inflection 
point established electrometrically is indeed the true 
stoichiometric equivalence point of the neutralization 
reaction. There are two reasons, one of them ex- 
perimental and the other theoretical, why this may 
not be so. The first is the error caused by the isola- 
tion of a portion of the solution, not quite brought to 
the equivalence point, in chamber g when the bulk 
of the solution is brought to exact equivalence. 
MaclInnes and Dole [/3| have shown that this error 
in volume of reagent cannot exceed (v/V)7,, where ¢ 
and V are respectively the volumes of the retarded 
solution and the bulk solution, and 7 is the volume of 
the increment of added alkali solution. In these 
experiments, v, V, and ~ were about 12, 225, and 
0.12 ml, respectively; hence, the error is less than 
0.01 ml and alters the final result by considerably 
less than 0.001 percent. 

The other error stems from the well-known fact 
that as the acids become progressively weaker and 
hydrolysis of their salts more extensive, the inflection 
point occurs somewhat before the stoichiometric 
equivalence point is reached. This matter has been 
considered in detail by Eastman [{/4], Roller [/5, 76}, 
Kilpi [77], Maclnnes [2], and Ricci {/8]. These 
derivations differ somewhat in method and detail, 
but all lead to substantially the same result. 

Roller [1/5] gives for the difference in pH at the 
true equivalence point (ep) and at the inflection 
point (ip) the expression 

(PH) ep — (PH) ip = 0.65 y Ay /cK,, (1) 
where Ky is the ion-product constant for water 
(Ky, =—107" at 25° C), € is the concentration of the 
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salt at the equivalence point, and Ay is the dissocig. 
tion constant of the weak acid. 
applies to the “unsymmetrical” titration of a weak 
acid with a strong base, indicates that the error jg 
larger the weaker the acid and the smaller the Salt 
concentration at the equivalence point. Inthe titra- 
tions reported here, ¢ varied between 0.12 and ().29' 
and Ay was in each case greater than 10 Hence 
the difference of pH should be less than 0.00] unit 
and the error from this source should be completely 
negligible. p 

The comparison of the inflection point with the 
equivalence point has recently been the subject of 
a separate experimental study [/9]. The course of 
the titration curve adjacent to, and on both sides 
of, the inflection point was carefully determined 
from electrometric titrations in cells with hydrogen 
and silver-silver-chloride electrodes and without a 
liquid junction. In every case, the inflection point 
determined experimentally appeared at a pu slightly 
lower than the equivalence point computed from the 
dissociation constant of the acid and the ion-produet 
constant for water, together with estimated values 
of the activity coefficients. The differences were, in 
most instances, somewhat greater than the uncer- 
tainties in the calculations and much larger than 
the estimate afforded by eq (1). 

The results pertinent to the titrations reported 
here are presented in the following summary, where 
“ip” and “ep” refer to the inflection point and the 
equivalence point, respectively: 


Molar concen- 


Acid tration of salt’ (pH).,—(pH),, 
at equivalence 

point 
. f (), 2 0). 12 
se ‘ ~ 
] Cnzol 05 05 
: 9 02 
Ox: . ~~ » Ue 
xalic 05 03 
2 OS 

» . . . a 

Phthalic Os oR 


As the concentration of salt at the equivalence 
point increases, the accuracy with which this point, 
(pH ).», can be calculated decreases markedly. Fur- 
ther, for acids as strong as benzoic and oxalic, the 
inflection point, (pH )ip, is difficult to locate exactly. 
For these reasons, the tabulated differences must be 
assigned an uncertainty of at least +0.03, although 
there seems to be little doubt that the inflection 
point precedes the equivalence point by a measurable 
amount, 

The data given in column 4 of table 2, together 
with the estimates of the pH interval between in- 
flection and equivalence points, shed some light on 
the accuracy with which the purity of two acids 
can be compared. In this way, it may be judged 
that the apparent purity versus sodium carbonate 
as listed in column 6 of table 2 is probably too low 
by about 0.0025 percent for titrations of benzoic 
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SOcia. cid, bY about 0.0003 percent for titrations of 


which | oxalic acid, and by about 0.0032 percent for titra- 
0 . 2 
Weak | ¢jons of potassium hydrogen phthalate. 


the single crystals of potassium hydrogen phthalate; 
C. P. Saylor for the selection of the portions of single- 
crystalline phthalate represented by preparations 


ror is ? 2 Pand3 P;and W. W. Walton for preparing the three 
€ salt 4. Evaluation of Results lots of anhydrous oxalic acid. he authors are likewise 
titra- al - indebted to N. . Craig for assistance in preliminary 
0.29) If the above estimates are valid, the —— studies and to T. J. Murphy for performing the 
lence | relative to preparation < B benzoic acid (table 2, | titrations of dilute phthalate solutions reported in 
unit, | column 7) should be changed by the following | section 3.3. 


letely amounts: Oxalic acid, decreased by 0.0022 percent; 
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Mixed-Path Ground-Wave Propagation: 
2. Larger Distances 


James R. Wait and James Householder 


The theoretical results given in part 1 (NBS Research Paper 2687) for ground wave 
propagation over a mixed path on a flat earth are generalized to a spherical earth. The 
problem is formulated in terms of the mutual impedance between two vertical dipoles which 
are located on either side of the boundary of separation. Extensive numerical results are 
given in graphieal form for a mixed land-sea path at frequencies of 10, 20, 50, 100, and 200 
kiloeyeles per second 


1. Introduction 


In a previous paper [1]! (designated hereafter as part 1), calculations were presented for 
the propagation of vertically polarized ground waves across a boundary separating two con- 
trasting homogeneous media. The earth was assumed to be flat so that the results were re- 
stricted to short distances. It is the purpose of this sequel to extend the analysis and computa- 
tions to larger distances, where the curvature of the earth must be considered, 

The mutual impedance, 7’, between two vertical electric dipoles located at A and B, de- 
picted in figure 1, is considered. The earth medium to the left of the boundary line has a 














d 
~ ie) 
WD) /)///14/7/77. 
A “——_ ; _ 
(o, land) Pie 
(o, , sea) 
FicureE 1 Model for propagation between A and B straddling a land-sea boundary on a smooth spherical earth. 


conductivity, o, and dielectric constant, e, and the corresponding constants for the medium to- 
the right of the boundary line are o, and «,. Using the same approach as in part I, it follows 
that 


we 4 Loe fa a 
a—2+7\\ [oat -Ep at] & ”) 


where Z is the mutual impedance between the dipoles over a homogeneous curved surface of 
conductivity o and dielectric constant e«. /y, By, 1,4, 7, are the electric and magnetic fields 
tangential to the surface S which is the portion of the curved surface to the right of the boundary 
line. The unprimed quantities refer to the case where the dipoles are in the presence of a 
corresponding homogeneous surface of constants o and ¢« throughout. The primed quantities 
refer to the case where A and B are on the modified surface. The subseripts A or B on Fy, E34, 
ete., specify that the source of the respective field is a dipole carrying a current, J, at A or B, 


respectiy ely ; 


f ires in brackets indicate the literature references at the end of this paper. 
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Invoking the principle of stationary phase, the surface integral in eq (1) can be reduced to 
a line integral between the coast line at O and the dipole B. The reasoning here is almost 
identical to that used in part 1. AOB, rather than being a straight line on a flat earth, is now 
the path of stationary phase between A and B. In the case of a spherical earth, AOB is on a 
great circle? In the present problem, the concept of surface impedance is introduced as it was 
in part 1, the tangential electric and magnetic fields are assumed to be related by a complex 
constant of proportionality. For the medium to the left of the boundary, this constant js 
n and the corresponding constant for the medium to the right of the boundary is »,, where, in 


ohms, 
iB B°\’ 
n=120r (1+ .) (2a) 
a a~ 
and 
iB B°\' 
m=120 x (1455) (2b) 
a Os 
with B=2z/wavelength, a=(ionw— euw*)’*, a, = (io,uw— €uw)"? and p=4r10~* h/m. 


The mutual impedance, Z, between the short antennas A and B for the homogeneous ground 


of electrical constants o and ¢ is given by 


ry Nahnipw _ 54 7 a. | ‘ 
Zz —_ Wid.n.a | 1+ 54 Ba? | (3) 


where d is the great circle distance AOB, h, and /, are the effective heights of the dipole anten- 
nas at A and B, and W(d,n,a) is a slowly varying function that approaches unity for a flat, per- 
fectly conducting earth. The function W is obtainable from the Van der Pol-Bremmer theory 
{2] for the field of a dipole over a homogeneous sphere. It is given, in convenient form, by 


9 1/2 , 1/3 
. 2rd \'/ exp[—ir,(Ba)'“d/a] 
Wid.n,a) ( ) e~**/4(Ba)'/6 $5 —_— (4a) 
’ . a s=0) (2r, l 6°) ; 
with 6=—7(Ba)~'°(1202/n) and (4b) 
5 
+ 
l l 4; F 
t.=—'V.— _— ae (4¢) 
2v.6 Svid- = 12n56 , 
and 
vo = 0.S80S8e7** 
y= 2.5707 
Yo = 3.824 
vy, 1/2[3e(s4+-1/4)]*e-'** for s>2. 


An expansion for the coefficients 7, in a power series in 6 is also available [2]. In the preceding 
formula, a is the effective radius of curvature of the surface in the principal plane containing 
AOB. 


The mutual impedance for the inhomogeneous path is now written in the form 


, h h h Lew . ] ] 
Z’ a , aa | , d. : ’ 1 i ; — 7" 5) 
2rd m4 | ¥ iBd a | ; 


where W’ is some function of d, 9, 7;, and @ and can be expected to be slowly varying compared 
to ¢~ and must necessarily approach unity as d tends to zero or if y and m, tend to zero and a 
approaches infinity. 


— ee 


2 The coastal refraction effect is neglected here because for most cases it is very small, as shown in part 1, 


20 


The essential modification here to the flat-earth theory in part 1 is to replace the functions 
Fid.n) and F’(d,y,m,) by W(d,n,a) and W'(d,y,m,a). It then follows that 


- 7 4 W- : 
W'(d,n,,4 ~W(d,n,a)—( =) (” ") Wad a, 9,0) Wa, m1) ay (6) 


2r 1207 [a(d—a)|'” 


which is the spherical-earth counterpart of eq (13) of part 1. In the above, @, the integration 
variable, ranges from B to O (i. e., d;=OB). This result is an approximation that is not valid 
near the boundary line because it utilizes a stationary phase principle, as in part 1. Further- 
more, the wave reflected from the boundary is neglected. Actually, this effect is very small at 
distances greater than a wavelength from the boundary line. 

The prime task now is the evaluation of the integral in eq (6). Inserting the Van der 
Pol-Bremmer formula for the W’s, the integrations can be carried out to yield 


' . l 
;, exp| ir(Ga)'djall exp i(r.—r)) "(ka)" —1 >} 
un ") . a 


120% / =o q=0 (27, —1/8*)(27,—1/87)(7s— 7) 


W’(d.n.n;,a)=Wd,n,a)4 (2m i8d)'( 

(7) 
where the coefficients 7, are given the eq (4c) et seq. and 7} are identical in form to 7,, except 
that o, and « replace o and e. This double summation is very cumbersome and converges 
poorly. An alternative formula may be derived by employing the following series formula 
(3, 4] for the W’s: 


. x d Qa n/2 
W(d—a,n,a)=>) A, ( 7 ): (8) 
n 0 
where 1/7 ((8/2)(/120r)?. The coefficients up to order 9 are given by 
Ao 1A; iy m, “Ay 9. Ae iy r(1- 6°/2) 
{ 4 1 —§*). A iNT) 2353/9) 4 _ 5 | 2534-4 5 
i , i aay » ST) ee aig 15 &é g , 
(9) 
iva ) 16 Zé 
t= "*" (1358426), A ( 1—36 5 ); 
6 2 105 Ts 
a ~ ) 
‘y T fog ~of Zl. 
| 24 ( l—56 + 5§°— ); 
where 6 i(8a)'*(120r/n). The corresponding expression for W(a,n,,a), for example, is iden- 


tical to the above with d—a, T, and 6 being replaced by @, 7, and 6, respectively, where 
l 


7 18/2)(m,/1207)° and 4, i(Ba) *(1207/n,). Therefore, 
W" nS 10 
(a, mn @)= 2, « n( 7 ’ (1U) 
m=0 1 
Where the .1}, coefficients are functions of 6. After carrying out the integration indicated in 


eq (6), the formula for W’ takes the form 


W"(d.n,m,a)=W (d,n,a) (8) (oS DS AA no (11) 


Jr 1207 n=0 m=0 


WwW here 








The integral I,» can be reduced by the formulas 


9 m+l1 n—l (n | d 
Tn, (d:) ? (d—d) ? + * 
men mon 
l n+l m l 
Sead (m—1)d1,, 2 ,—2(d—d,) 2 (d,) ? | 
Mit 
9 n+l 
I 1 ( — )id, or (1 >) 
m+!) 


hi-(?,)(a? — a)? ) 


and 
Io o=2 tan (_*,) 


The preceding expression for W’ is useful when distance d is small compared to 7 and 7,, 

In view of the fact that extensive nurrerical data for the W functions are available [5, 6), 
it would seem to be preferable to evaluate the integral by a numerical method. Certainly this 
appears simpler than attempting to sum the doubly-infinite series formulas discussed above. 
To convert the integral to a form suitable for numerical integration, it is desirable to change 
the variable of integration to remove the singularity at a=0. Then, letting a= *, it follows 
that 


wawy2 (2) IOE | 4 [" ee ee, (14) 
T I et) yd zr* 
where 
a, -+ We, iBd n . 
k=" 4g and po=—-5 ( ad 


At low radiofrequencies, displacement currents in the ground are small, and consequently & 
and po are real and positive. 
For purposes of computation, the following values of the parameters are emploved: 


o—10°-* mho m corresponding to land, 
o,—4 mhos m corresponding to sea, and 


a—4/3 times the earth’s radius. 


In figure 2 the amplitude of W’ is shown plotted as a function of distance ¢ for frequencies of 
10, 20, 50, 100, and 200 ke. Two values of d,/d are indicated on the curves, namely, 0 cor- 
responding to an all land path, and 0.8, corresponding to an SO pereent sea path. For the lower 
frequencies, the curves are almost indistinguishable, and the shape of HW’ is determined pri- 
marily by diffraction by the earth’s curvature. The phase lag @’(i. e., 0’ arg W’) is shown 
plotted in figures 3 to 7 as a function of d for the same frequencies. The values of d,/d¢, which 
indicate the ratio of the length of the sea path to the length of the total path, are 0, 0.2, 0.4, 0.6, 
0.8, and 1.0. 

The preceding analysis has been discussed in relation to the mutual impedance between two 
dipole antennas at Aor B. It is probably desirable to express the results in terms of the vertical 
electric field, /, at B (or A) for a standard source at A (or B). For example, 


. 160.5 | / . 
E. |— — e 'Bd | DA Pog — "84. (16) 
d | (Bd ai | 


where 
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The “near field’, /, is chosen such that the radiation component is 0.10 v/m at d= 1 mile= 1,605 
m. The amplitude, /, and the phase, ), are shown plotted in figures 8 and 9, respectively, for 
frequencies of 10, 20, 50. 100, and 200 ke. It should be noted that |/4, ~160.5/d and P,~ 1 Bd 
when Bd >>1. Actually, 4, is the total field of the source on a flat, perfeetly conducting earth, 
To a good first approximation the total field / over a mixed path on a spherical earth is ob- 
tained by multiplying the near field / by the attenuation function, HW’, as indicated above [1], 

To provide an illustration of the applicability of the numerical results, the total phase cor- 
rection ®(=4,+ 9’) at 100 ke, is shown in figure 10 for the case of a transmitter on land, a 
distance d, from the coast. The plotted curves show how ® varies with d(=d,+-d,) for various 
values of d,. As the receiver moves away from the transmitter, the rate of increase of the 
phase is characteristic of propagation over land. As the coastline is crossed at d=d,, the 
phase lag is reduced somewhat and eventually continues to increase at a much slower rate as the 
receiver moves out to sea. This abrupt reduction of the rate of increase of phase lag is known 
as a “recovery effect” and has been verified experimentally [7]. 


2. Concluding Remarks 


The results presented here should be useful in predictions of ground-wave propagation at 
low radiofrequencies over a two-part mixed land-sea path. It should be emphasized that the 
sky waves have not been considered. At ranges greater than 200 km or so, the ionospherically 
reflected waves must be separately accounted for. In any case, the ground wave is omni- 
present even out to 2,000 km and is a substantial contribution to the field. 

It is of interest to note that a formula almost identical to eq (13) of part 1 has been reported 
by Godzinski [8] in Poland at the recent International Radio Consultive Committee meeting in 
Warsaw. His results, however, are not valid for short distances or very low frequencies, where 
the induction and statie fields are significant. He has also developed a formula essentially 
equivalent to eq (6) of the present paper, when (d/a)’< <1. Furutsu [9] has also recently 
investigated the problem of ground-wave propagation over an inhomogeneously conducting 
spherical earth. He has indicated that the basic integral equation can be solved by an iterative 
procedure. The first term of his rather elaborate analysis agrees with eq (7) of the present 
paper. Neither Godzinski or Furutsu present any explicit numerical result for the mixed-path 
attenuation function. 

The results in this paper, as well as in part 1, are not valid for points close to the boundary 
because a first-order stationary-phase evaluation of the integrals has been employed. Further- 
more, the wave reflected from the boundary has been neglected. A somewhat different analvti- 
cal approach has been used [10] to study the field very close to the boundary, which indicates 
the stationary-phase approximation is valid if A and B are at least two wavelengths from the 
boundary or coastline. 
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| ASpectroscopic Study of Oils Used in Oil-Extended Rubber’ 


Frederic J. Linnig and James E. Stewart 


Knowledge of the composition of oils used in oil-extended rubber is useful in specifying 
oil tvpes and in understanding the properties of the oil-rubber master batches. In this work, 
elucidation of strueture has been attempted by a comparison of infrared spectra between 2 
and 15 microns of two series of oil fractions obtained by basically different methods. 
Fractions of a number of different oils or oil distillates were studied. The spectra were 
compared with reference to the method of separation and in some cases to the physical and 
chemical properties of the fractions. There are marked similarities between certain of the 
fractions separated by the two methods. However, the study indicates a variability of 
structural types from one oil to another. This is especially true for the more polar fractions. 
It is suggested that this varability, especially with respect to polar groups and other structures 
leading to active hydrogens, could account for the observed variability in the aging properties 


of master batches containing different oils or oil fractions. 
Spectra were also obtained of a few typical fractions in the ultraviolet range between 
210 and 340 millimicrons and in the far infrared between 15 and 40 microns. 


1. Introduction 


It has become common practice during the last 
few vears to combine petroleum distillates in emul- 
sion form with GR-S synthetic rubber latex to 
vield, on coagulation, what is termed an “oil-rubber 
master batch” or an “‘oil-extended GR-S”. 

The GR-S used is a copolymer of butadiene and 
styrene that had been polymerized to a_ high- 
molecular weight. Thus, the rubber itself is much 
stiffer than usual. Asa result, the final homogeneous 
mixture of oil and rubber has properties quite similar 
to the lower molecular weight GR-S without the 
added oil. The added oil extends the available 
supply of rubber, and because of its very low cost, 
reduces the price of the final products. The oils 
used are predominant], the resinous portions of 
high-boiling petroleum distillates from which the 
paraffinic material, emploved as lubricating oil, has 
been largely extracted. They are, or course, highly 
complex mixtures of many compounds widely 
different in type, consisting of more than 20 carbon 
atoms. 

It is well recognized that the physical properties 
and the compounding and aging characteristics of 
the oil-extended polymers depend, to some extent, on 
the tvpe of oil used [9, 14, 25, , 28, 29, 34, 35, 
38, 39, 40, 42)" In order to facilitate the 
specification of oil types, a number of methods of 
analysis have been developed, one based on acid 
extraction and physical properties [25, 27] and several 
on chromatographic techniques [9, 13, 18]. In one 
chromatographic method, ring types and carbon 
types are identified from physical properties [18]. 

The method devised by Rostler and Sternberg 
25, 27] depends on the separation of the oi] into sxi 
Iractions extracted from the pentane soluble portion 
of the sample by anhydrous hydrogen chloride and 


_—_—_—— 
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by sulfurie-acid solutions of different strengths. 
This procedure has been generally used in classifying 
oil types. It has, however, been shown that some 
properties, such as aging of master batches contain- 
ing certain of these fractions, depends on the oil 
from which the fraction came [36]. 

A method developed at the National Bureau of 
Standards by Termini and Glasgow [13] depends 
on the chromatographic separation of the oil into 
five fractions, using silica gel as the adsorbent and 
eluting the material successively with two portions 
of pentane, followed by benzene, carbon tetra- 
chloride, and ethanol. 

Knowledge of the composition of the oil fractions 
themselves and the variations in the composition 
of fractions obtained from different oils should be 
helpful in further characterizing these materials and 
in explaining observed variations in the properties of 
rubber containing them. The present work consti- 


tutes a part of the program undertaken at the 
National Bureau of Standards to elucidate the 
chemical composition of extender oils. In_ this 


study, infrared and, to a lesser extent, ultraviolet 
spectroscopy have been used to accomplish the 
following: (1) To compare the over-all spectroscopic 
features of the fractions obtained by the method of 
Termini and Glasgow with the fractions of a single 
oil obtained by the method of Rostler and Stern- 
berg; (2) to indicate molecular types in the fractions; 
(3) to show how these molecular types may vary 
from one oil to another; and (4) to explore the 
correlation between reported performance tests and 
structural groups present in the different oil fractions. 
To this end, infrared spectra were obtained on a 
number of fractions furnished by Rostler. They 
represent a number of the fractions obtained by 
acid extraction of three different distillates of the 
same crude oil. Spectra were also obtained on 
fractions of six different oils from various parts of 
the country, separated chromatographically — by 
Termini and Glasgow [13], and furnished by them. 
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The chemical and physical properties of the 
particular fractions separated by the acid-extraction 
method and used in this study are presented and 
discussed in a paper by Rostler and White [29]. 
For convenience, these fractions are described in 
this paper in terms of the familiar analytical method 
[25,27] rather than the modified procedure actually 
used in preparing them [29]. Values for the refractive 


j 


Pi ysical 


ion of oil 


index of the fractions separated chromatographical} 


were furnished by Termini and Glasgow 19 
These two sets of data are presented in tables } 
and 2, respectively. The analysis of the six differen: 
oils by the two methods is given in table 3 The 
data for the chromatographic an 
furnished by Termini and Glasgow 
for the acid extraction procedure by 


procedure Were 
13!) and those 


Rostler (24). 


fractions / j 





PABLE 1. properties and composi separated by acid-ertraction method 
1) f Rostler and White [29 
Elementary compositior 
Oil Fraction Designation Rik Re ‘ Molecular 
ind W [20 nd weight 
D Cc iH N s otal rat 
s LA } 1 
First acidaffir m5-A-(1 1) TSO 2 SA. OD 4.14 04 s 0.9} ,> 
Second acidatfins (a Os5-A-IT (1 0. USS M12 233 80. 73 ) 8S 2 OO wo. 20 on 
First acidaffins (t mw5-A-(2 1. 054 Hse a0) xu. 40 &. 75 ih | m3 - ann 
Second acidatlir by m5-A-—II (2 Low “7ut At su SY 2 2 iNT v" 
Nitrogen bases, group I N -0-1 1.02 HUN mY S4. 6S 9, 75 4 36 O7 1” 49 @ eae 
Nitrogen bases roup II N-o680-- TT l Is 7s Ni SN! 10. 0S Ss! uM 4 % 
Paraflins P-o40 nt 1921 73 x6, 50 i" 10 O68 6. 49 
Paratlins (b P-955 SY] 1. 485 41S Sh. 2S 13. 45 WwW. 71 fi, 424 
First acidaflins 973-A lf L O17 JUS 80, 53 SSD 0.17 OG. &T 10 ses 
Second acidattins us2-A-I] 1017 1. S84 a1 | er i) wn (2 "41 ) . 
Nitrogen bases, group I N-47-1 1. il (N7 ” NH. 12 % 80 s m2 » en 
Nitrogen base up II N-947-11 9 0s i &3. ON 10. 42 e ye rs 
ATE 4 
First acidaffi Ust}-A 1Av RBA SO 00 x S4 Te ” " 
Second acidaff us A-II STU }4s SA AN ’ ( mm 2% v6 
N itrows } ‘ il NOS I ! ; ! ,2 S734 sf 2.41 Ss ' t 10. 144 
Nit ( t pil N-56-11 ’ 0 ow S47 s 2 4 ) % gS 16 
he te log it of Rost! ind Ss t 25,2 tel ! oft l } 
ire conc ra t! le ted por I hk VW My } I! 
TABLE 2. Jndex of refraction of o actions parated 
chrome tographically 
I) (} | ] 
I I] II! I\ \ VI 
0 ( su SPX97 Phil ( ] 
2xH 2 rl 
Fir l ISS is ini isd { ) 
a" | l i WW ‘ | 2 1S 
Benzer } “t ] 7st ] ' SS 
{ ar? 
‘ 
Etl 
PARLE 3 Le 7 0 
& 1 lu Sulfu 4 
oO ip - 
I t Se Carb > N itre 
' Be cl Et} | 7 ' } 
I C ire 12*H { 2 24 ! i! 2 2.2 
I! Sunde 9 Hs s 44 , ON 23.8 { is ‘ 
lif SPX 25.4 14 12 } ‘ 24 { 7.7 
IV Phil 11.04 2 ‘ 7 » ‘ 12.4 
\ Dut 2. 5 UN { ws . » | te 23.9 
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2. Experimental Procedure 


The infrared spectra were obtained with a Perkin- 
* elmer 21 double-beam spectrophotometer equipped 
' 9 


and 15 w and with a cesium bromide prism for the 
range between [sand 40 yu. A cell holder was used, 
which was heated to 50 or 60° C for the more viscous 
materials, such as the nitrogen-base fractions. It 
was shown that the spectrum of the heated materials 
was the same as that of the same material cooled in 
the cell to room temperature. The cells were as- 
combled in the holder with a two-piece lead spacer 
open at the top and bottom. The sample was drawn 
downward between the windows by a suction tube 
applied to the bottom of the assembly. In this way 
it was possible to hold the percentage transmittance 
for successive loadings constant to within 0.5 percent. 
Solid samples were incorporated in KBr disks [31, 33], 
05 mm in diameter and about 's mm thick. 

The ultraviolet spectra were obtained with a Cary 
1? double-beam spectrophotometer, using as solvent 
methvlevclohexane, which had been purified by frac- 
tionating it through a column of silica gel. Only 
those cuts having the spectrum characteristic of the 
pure material were used. Twenty-millimeter cells 
were used throughout. 


‘ 
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3. General Discussion 


It would not be expected, of course, that a spectro- 
scopic study would completely elucidate the ex- 
tremely complex composition of the oils themselves. 
However, the fractionations separated the molecules 
present into groups having similar characteristics. 
Consequently, the number and types of compounds 
in the fractions are not only greatly reduced, but the 
nature of the separation itself serves, to some extent, 
as a guide to indicate the tvpe of compounds that 
may be present, thus supplementing the interpreta- 
tion of the spectra. 

Even following chemical fractionation, it would not 
he expected that spectroscopic studies would eluci- 
date individual molecular species in these fractions, 
which are themselves mixtures of many compounds 
of either similar polarity or similar affinity for sul- 
furie acid. However, spectroscopic studies, espe- 
cally infrared spectroscopy, can elucidate certain 
structural configurations and functional groups. If 
the optical absorption, due to a given structure, is 
virtually independent of the rest of the molecule, as 
are most structures absorbing in the region between 
and many molecules in the mixture 
i structure, then the absorptions will 
absorption 
an absorp- 


2 and 7.5 M, 
contain such ¢ 
reinforce each other, and a well-defined 
band will be found. An example of such 
tion band is that due to the aliphatie C—-H stretch- 
ing vibration at 3.4 uw. However, if an absorption 
ean occur anywhere in a wide wavelength region, de- 
pending on the structures adjacent to the group, as 
soften the case in the region beyond 7.5 yw, then the 
resulting absorption by the mixture will, at best, be 
seen as a broad, poorly defined “swelling”? in the 
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general background. In many cases, the meaning 
of the absorption will be understood only by com- 
paring several curves made from mixtures containing 
varying quantities of structures of this type, along 
with other more readily identified structures related 
to them in some fashion. It is here that a knowledge 
of the probable chemical nature of the fraction in 
question and correlation of the absorption phenomena 
with known physical and chemical properties be- 
comes important. An example of this type of ab- 
sorption is the skeletal stretching vibration of ali- 
phatic chains in the region between 8 and 11 u. 

Because it facilitates understanding and _ inter- 
pretation of the spectra, we will consider the fractions 
in the order in which they are eluted successively from 
the chromatographic column, and relate, where 
possible, similar fractions obtained by acid extrac- 
tion. In most cases, only one curve will be pre- 
sented as representative of those obtained for the 
particular fraction under discussion. Variation of 
the other similar fractions from the one presented will 
be discussed in the text. 

In the following discussion, reference has often been 
made to the recent book by Bellamy [2], which con- 
tains assignment charts and a detailed discussion of 
the relation between structural groups and absorp- 
tion bands, with appropriate references to the original 
literature. Similar use has been made of the book 
by Randall, Fowler, Fuson, and Dangl [23] and of 
the article by Colthup [7], which also contain assign- 
ment charts and appropriate discussion. 


4. Infrared Spectra—2- to 15-Micron Region 


Figures 1, 3, 4, 5, 6, and 7 give the spectra in the 
region from 2 to 15 uw for samples obtained by acid 
extraction and chromatographic separation. The 
spectra displaced to the lower part of figures 1, 4, and 
5, were obtained from samples of the first pentane- 
benzene-, and carbon tetrachloride-eluted portions, 
respectively, of the six oils separated chromatograph- 
ically. The curves in the upper portion of these 
figures are for typical fractions of the four distillates 
separated by acid extraction. Figures 3 and 6 show 
examples of spectra of the second pentane- and 
ethanol-eluted portions, respectively. 


5. Paraffins and First Pentane-Eluted 
Fractions 


The spectrum in the upper portion of figure 1 was 
obtained on the portion of an oil insoluble in 30- 
percent fuming sulfuric acid (distillate 3, paraffin 
(a)). It is qualitatively similar to that obtained on 
the first pentane-eluted portion of oil V in the lower 
part of the same figure. 

These two spectra show the usual absorption 
pattern of a typical mineral oil [19]. There is no 
evidence of O—-H, N—-H, C=C, ete., except that 
the spectrum of one of the oil fractions (oil TV) has a 
weak band at 6.22 yw, suggesting aromatic or con- 
jugated unsaturation and one at 12.2 uw, which could 
be caused by out-of-plane bending of a carbon- 
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hvdrogen bond on an aromatic ring. The absence of 
these groups is consistent with the chemistry of the 
methods of separation [13, 25, 27]. 

There is a strong absorption-band characteristic 
of CH stretching at 3.4 to 3.5 u, one in the region 
of 6.8 to 6.9 uw related to CH, deformation and asvym- 
metric CH, deformation, and one at 7.2 to 7.3 related 
to svmmetric CH, deformations. The strong band 
at 13.8 w is characteristic of CH, rocking vibrations. 
This band is not observed at this wavelength in 
aliphatic chains containing less than four successive 
CH, groups, and it shifts to shorter wavelengths with 
a decrease in chain length. From the work of Has- 
tings, Watson, Williams, and Anderson [15], it seems 
reasonable, in the absence of aromatic absorption at 
6.2 uw to assign the weak absorption at 13 u to CH, 
groups in a chain | or 2 methylene units in length, 
the shoulder at 13.6 yw to chains containing 3 methvyl- 
ene units, and the peak at 13.80 to 13.85 u to chains 
containing 4 or more methylene units. Even this 
latter absorption shifts slightly to longer wavelengths 
as its intensity increases. 

A study the American Petroleum Institute 
(API) fl) of infrared curves of branched 
isomers of decane shows that increased branching 
produces a number of bands in the 8- to 12-u region. 
In many cases these new bands seem to cluster about 
the S- to 9- and 10- to Ll-u regions. The presence of 
saturated rings seems to produce a similar spectrum, 
but Bellamy [2] cites articles in which evidence is 
given to show that the absorption in the S8- to 9- 
region tends to be due to branching and that in the 
10- to 1l-u region to ring formation, in the absence of 
unsaturation and certain polar groups that also 
absorb in this region. 


cee 
Figure 2 


of 


series 


shows spectra in the 7.5- to 15-y range 


for the first pentane-eluted portion of six oils from 
different parts of the country. There are three fairly 
good isosbestic points (wavelengths at whieh absorp- 
tion is independent of the concentration of compo- 
nents) for these mixtures at 7.8, 12.4, and 14.8 ug, whieh 
divide the spectra into two parts. It will be noted 
that there is a negative correlation between the 
transmittance at 8.5 and 10.2 uw and that due to the 
methylene rocking vibration at 13.8 yu. This is 
indicated by the inverted order of the arabic numbers 
A decrease in CH, groups implies, for this type of 
material, an increase in either branching or evelization, 
and in the light of Bellamy’s evidence, it is reasonable 
to assume that the absorption centered at 8.5 u is 
due to branching and the one at 10.2 u« to ring forma- 
tion. It is interesting to observe that there is a cor- 
relation between the absorbances of the bands at 
8.5 and 10.2 w and the refractive index of the respee- 
tive fractions. It has been shown, from a study of 


many compounds [30], that increased branching, 
except in the 2 position, or evelization, tends to 


raise the index of refraction. However, in this ease, 
variations in molecular weight among the fractions 
could cause a similar effect. The changes in trans- 
mittance for the three wavelengths and the corres- 
ponding values for refractive index are given in table 
t+. The first high value for refractive index was 
obtained on the fraction that showed signs of 
aromatic absorption at 6.22. xu. 

Thus, these materials can be said contain 
varying quantities of saturated rings and chains of 
different lengths, some of which are branched. Its 
consistent with chemical knowledge that materials 
of this tvpe should be eluted’ from siliea gel by a 
hydrocarbon such as pentane, and that they should 
be least reactive with 30-percent fuming sulfune 
acid, 
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See table 4 for identification of the oils 
TapLe 4. Jndexr of refraction versus percentage transmittance although the band at 6.2 m might also indicate 
si atl nonaromatic conjugated double bonds. As shown 
by Young, DuVall, and Wright [43], the pattern of 
oa bands between 5 and 6 u is characteristic of aromatic 
Nu compounds. The pattern of bands beyond 11 4 
r 0.2 § (about 11.37, 11.7, 12.2, 12.84, 13.3 to 13.5, 13.8, 
and 14.3 u) cannot, of course, in themselves, give 
positive identification of structural groups. How- 
IV ( 27.9 60.3 61.2 1. 4845 ms e : . NS a. otf 
Ht (2 ; § “5 1 4800 ever, it is consistent with Colthup’s chart [7], and 
, S ~- 2 a. | oe with Bellamy [2], to correlate these absorptions with 
v « 49 is. 1 1. 4915 mono-, di-, tri-, tetra-, and penta-substituted aro- 
t 61.4 4.4 is. | 1. 4925 


* The numbers in parentheses are the 


6. Second Pentane-Eluted Fractions 


The spectrum in figure 3 was obtained on the 
material eluted from oil Il by the second half of the 
pentane put through the column. This spectrum 
has a number of bands not present in the spectrum 
of the first portion eluted with pentane; these bands, 
in turn, are different from those in the spectrum of 
the benzene-eluted portion in the lower part 
figure 4. 

_ First, there is a strong band at 6.2 yu, with some 
indication of doubling (shoulder at about 6.26) and 
another shoulder at 6.7 u, all of which are probably 
due to aromatic ring C-C stretching vibrations, 
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matic compounds and with a- and £8-substituted 
napthalenes. 

The above absorptions are due to C-H_ perpen- 
dicular bending modes, typical of these types of 
substitution. Again, the band at 13.8 u is probably 
very largely due to the methylene rocking absorption 
from the substituted side chains. Plots of intensities 
of the other bands beyond 11 uw for different oils 
show a rough correlation with the intensity of the 
band at 6.2 uw. This is in agreement with the assign- 
ment of these bands to absorption from aromatic 
molecules. No more than a rough correlation is to 
be expected, because variations among the several 
types of aromatic compounds from oil to oil would 
be anticipated. This type of variation is emphasized 
by the fact that one of the fractions was markedly 
different from the others with respect to the relative 
intensities of the bands beyond 11 ug. 
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Figure 3. Infrared spectrum of 

The intensity of the band at 8.54 u, attributed to 
branching, may be somewhat reduced in comparison 
to that in the first pentane-eluted portions. The 
intensities of this band in this fraction of the different 
oils are inversely related to the intensities of the 
band near 13.8 u. The position of the band near 
13.8 uw shifts again to longer wavelengths with 
increasing intensity just as in the case of the first 
pentane-eluted portions. The band at 10.2 u attrib- 
uted to - ‘velic compounds appears to be greatly 
reduced, if not eliminated, when compared to the 
first Balle portion. However, aromatic 
compounds also produce weak to medium bands in 
the region from 8.5 to 10 uw. Indeed, the absorption 
at 9.6 yw is sashaliis due to the aromatic compounds 
discussed previously. It is possible, therefore, that 
aromatic absorptions below 10 « and above 1] « may 
increase the general background, making the redue- 
tion in the absorption at 10.2 « more apparent than 
real, 

Some of the absorption at 5.84 » might be due to 
compounds containing carbonyl groups. The ab- 
sorption characteristics in this region seem to vary 
from oil to oil, with some fractions having an absorp- 
tion at 5.74 uw, suggesting the presence of two types 
of carbonyls. There is only very slight evidence of 
OH or NH in one of the oils. 

The spectrum of one of the oils (oil VI) was 
different from that given in figure 3, in that it showed 
strong aromatic absorptions near 11.4 and 12.2, and 
no band at 9.6 u. 

Thus, these materials are probably hydrocarbons 
containing mono-, di-, and tri-substituted aromatic 
rings, with perhaps some naphthenic rings. The 
aliphatic side chains may be branched and could 
connect one ring to another. However, unpublished 
work of Termini and Glasgow [13], based on absorp- 
tion studies, has shown that these compounds prob- 
ably contain no more than a single aromatic nucleus. 
It is reasonable to assume that materials of this type 
would adhere more strongly to the silica gel than do 
simple aliphatic, branched, and cyclic hydrocarbons. 
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7. First and Second Acidaffins and Benzene. 
Eluted Fractions 


The two spectra in the upper portion of figure 4 
were obtained respec tive ‘ly from two portions of an 
oil (distillate 3); one portion does not react with 85- 
percent sulfurie acid, but is removed by 98-percent 
sulfuric acid (Ist acidaffins): and the other portion 
does not react with YS-percent sulfuric acid, but Is 
removed with 30-percent fuming sulfurie acid 
acidaffins). 


These spectra are remarkably similar to | 


that of the benzene-eluted portion of oil V in the / 


lower part of figure 4. 

It will be noted that over the whole spectrum the 
first acidaffins are more optically dense than the 
second acidaffins. This is generally true for all the 
acidaffin portions of the three distillates examined. 
The reasons for an increase in over-all optical density 
are not too well understood. An inspection of table 
1, however, shows that the indices of refraction, 
densities, and carbon-to-hyvdrogen ratios are greater 
for the first acidaffins, whereas the molecular weights 
of the second acaidffins are greater, with one ex- 
ception. It is reasonable to assume that the more 
chemically active materials in the first acidaffins 


—- 


would be more subject to carbonization than the | 


second acidaffins. Such effects would tend to raise 
the density, carbon-to-hydrogen ratio, and optical 
density of the first acidaffins. Furthermore, 
optical density over the whole spectrum is less for 
the benzene-eluted fraction, which is not subject to 
this treatment, than for any of the acidaffins. It 
should be noted that the transmittance ordinate has 
been omitted from figure 4 because the benzene 
eluted fraction has been displaced below the other 
two curves. 

The spectra of the three types of fractions show, 
in addition to the aromatic bands between 5 and 64 
and those at 6.2 and 6.7 » present in figure 3, shoul 
ders at 3.3 4, which are expected from the C—H 
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Figure 4. Infrared spectra of first and second acidaffins of distillate 3 and benzene-eluted fraction of oil V. 


vibrations of aromatic molecules. Furthermore, the 
aromatic absorptions at 11.4, 12.2, and 13.4 yw are 
greatly increased, with the other absorptions ob- 
served in figure 3 at 11.7, 12.8, 13.1, and 14.3 yu 
fading into the background. This could result from 
the following effects: (1) A change in the distribu- 
tion of the substituted aromatics, and (2) the pres- 
ence of polynuclear aromatic compounds. 

Benzanthracene and dibenzanthracene, as well as 
their derivatives, can be shown from the curves of 
Cannon and Sutherland [5] to have absorption bands 
of this type. The spectrum of diphenyl benzidene 
17], with the N—-H bandsdeleted and aliphatic C—H 
bands added, strongly resembles that of the spectra 
in figure 4. Finally, other polynuclear aromatic 
compounds have bands occurring at one or another 
of these positions [5,8], so that the envelope produced 
by a mixture of them would be expected to have the 
contour found here. ‘This pattern of bands near 11.4 
12.2, and 13.4 uw has been observed in the spectra of 
other natural products. Friedel and Pelipetz [11] 
and Friedel and Queiser [12] reported them in the 
spectra of coal fractions. Cannon [4] has reported 
them in the spectra of powdered coal, and Stewart 
32] has observed them in fractions of petroleum 
asphalts. Furthermore, in their mass-spectrometer 
studies of high-molecular-weight hydrocarbons, 
O'Neal and his coworkers [20] have found polynu- 
clear aromatics in lubricating-oil extracts, which 
generally contain substantial amounts of resins. 

A strong correlation is once more found between 
the variation in the intensities of the bands at 11.4, 
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12.2, and 13.4 u among the chromatographic fractions 
and the intensity of the aromatic band at 6.2 x. 

It is well known that an increase in aromaticity 
tends to increase the index of refraction. It is, 
therefore, interesting to note that a plot of np versus 
I/I, for the 6.2-~ band of these fractions yields a 
fairly straight line of negative slope. As before, this 
effect could also be due to variations in molecular 
weight. The increase in the band at 9.65 « over that 
noted in figure 3 is consistent with either a change in 
the distribution of substituted aromatics or the 
presence of smaller fused-ring systems. An _ ex- 
amination of Cannon and Sutherland’s curves [5] 
shows that the intensities of the bands near 9.6 u are 
relatively lower for the larger fused systems. Either 
possibility is consistent with the increased index of 
refraction. 

Furthermore, the above effects are also consistent 
with the observed reduction in the intensity of the 
band at 13.8 uw due to the methylene rocking mode 
that depends on the presence of at least four consecu- 
tive CH, groups. The bands near 8.5 u attributed to 
chain branching are still present and especially notice- 
able in the acidaffin fraction. However, the band 
at 10.2 uw assigned to saturated rings appears to have 
disappeared at least in the form present in figure 1. 
The band of 10.5 uw, not present in previous fractions, 
could result from the fused aromatic rings. The out- 
of-plane motion of the hydrogens in the trans double- 
bond configuration also causes absorptions in this 


region. 








There is a possibility that some carbonyl groups 
are present in these fractions, contributing to the 
absorption near 5.75 and 5.84 uw. Again, conjugated 
nonaromatic C=C bonds might contribute to the 
absorption at 6.2 uw. Weak, but sharp, bands at 
2.88 uw might arise from OH or NH groups. There is 
a general increase in absorption in the region near 
Su, where Friedel and Pelipetz [11] observed aromatic 
ether bands in their coal fractions. This absorption 
has the effect of obscuring the 8.5— y chain-branching 
band, particularly in the benzene-eluted portion. 

Thus, the first and second acidaffins and the 
benzene-eluted portion of the oils appear to be 
largely hydrocarbons with more marked aromatic 
character than those in the second pentane-eluted 
portion, but still containing some side chains of 
more than four carbon atoms in length. These side 
chains may also be branched. These fractions may 
be mixtures of substituted aromatic rings joined with 
methylene groups as well as polynuclear aromatic 
hydrocarbons. In the chromatographic fractions, 
the degree of aromaticity and the concentration of 
OH and NH groups vary from one oil to another. 
There is also some variation of these polar groups 
from one distillate to another of the acidaffin 
fractions. 

In considering the foregoing discussion of the first 
and second acidaffins, and the following discussion 
of the two nitrogen-base fractions, it should be 
remembered that these fractions are actually mix- 
tures and are, therefore, only concentrates of the 
designated component (see the group analysis of 
these samples in table Il of Rostler and White [29)}). 


8. Nitrogen Bases, Groups I and II and 
Carbon Tetrachloride-Eluted Fractions 


The two spectra in the upper portion of figure 5 
were obtained on the nitrogen bases, groups | and I] 
from distillate 3, as indicated. Nitrogen bases, 
group I, are removed from a petroleum ether solution 
of the oil with dry HCl gas. Nitrogen bases, group 
II, are removed from the remaining solution with 
85-percent sulfuric acid. Groups I and II may be 
removed together with 85-percent sulfuric acid. 
These spectra are remarkably similar to the spectrum 
in the lower portion of figure 5, which was obtained 
on the material of oil IV eluted from the column with 
carbon tetrachloride. 

It will be noted that the optical density of the 
nitrogen bases, group I, is greater in the region 
between 11 and 13.5 uw, whereas it is less in the region 
between 7.5 and 11 uw. Furthermore, the carbon-to- 
hydrogen ratio is larger for the nitrogen bases, group 
I, than for the nitrogen bases, group II. These facts 
may be interpreted to indicate that the compounds 
in the nitrogen bases, group I, are more highly 
aromatic than those in group II. It will be noted 
that the spectra of these fractions show some loss of 
detail as compared with those in figure 4, as well as 
other evidences of a difference in aromatic character. 

Both nitrogen-base fractions have fairly strong 
absorptions near 3.1 yu, probably due to N—H 
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stretching, and bands in the region between 59 
and 6.0 yw, probably due to amide carbonyls al. 
though unsaturated aldehydes and ketones can alg | 
absorb in this region. However, there is no evi. } 
dence of the bands characteristic of aldehydes in the 
3.4- to 3.7-4 region. The carbonyl absorption jg? 
much stronger in the nitrogen bases, group II 
suggesting that nitrogen in this group is predomj, 
nantly amide in nature, whereas that in the nitrogey 
bases, group: I, is largely present in the form of 
amines. This appears to be consistent with the 
elemental analysis of the three sets of fractions | 
given in table 1. In each case the amount by 
which the sum of the elements fails to equal 199 
percent is greater for the nitrogen bases, group Il 
suggesting a higher oxygen content. It can be noted 
that the absorptions of both N—H and C—9 
stretching vibrations occur at slightly longer waye. | 
lengths in the nitrogen bases, group I; this possibly | 
indicates that hydrogen bonding is more pronounced 
in this fraction. It might be expected that suscep. 
tibility to hydrogen bonding would be related to 
reactivity toward dry HCl. Absorptions due to 
N—H deformation in unsubstituted amides and 
primary amines contribute to the band at 6.25 y. 
Weak bands at 6.5 w found in some of the spectra 
of both nitrogen bases and in a number of the spectra 
of the carbon tetrachloride-eluted fractions are 
probably due to the N—H deformation of mono- 
substituted amides and secondary amines, but 
could also result from nitro compounds. <A weak 
band appears at 5.2 uw for the nitrogen bases and 
5.3 uw for the carbon tetrachloride-eluted fractions, 
This is in the region where amine hydrochlorides | 
absorb. There is still evidence of straight chains { 
of four or more methylene groups, none of eyeliza- 
tion, and little of branching. However, the general 
absorption near 8.0 uw attributed to aromatic ethers | 
in the spectra in figure 4 has increased in all frae- 
tions in figure 5. The spectrum of the carbon 
tetrachloride-eluted portion appears most similar to 
that of the nitrogen bases, group II, with regard to 
the position of the bands for the polar groups. It 
should be noted that in all the spectra the absorption 
near 3.0 w could result in part from OH stretchings. 
The aromatic absorptions between 11 and 15 4g 
in the carbon tetrachloride-eluted portions differed 
widely from one oil to another. There were also 
differences in the polar absorptions near 3.0 and | 
6.0 uv. In fact, even the type of spectrum given in 
figure 5 was obtained for only 4 of the 6 oils studied 
(oils I, III, 1V, and VI), the spectra of the other 2 | 
oils being different. Oil Il had sharp bands at 7.9 
and 8.9 uv, a widely different aromatic character with 
absorption bands at 11.8, 12.6, 13.7, and 14.3 4g, 
quite different polar absorptions near 3.0 and 60 
uw, and a much reduced CH stretching absorption. 
Oil V had a rather high over-all absorption, with 
broad slight absorptions at 3.0, 3.4, 5.9, 6.2, 6.9, 
and 7.2 w and slight swellings at 11.7, 12.4, and 13.4 
u. Even the nitrogen bases, groups I and II, from 
the different. distillates of the same crude oil showed 
a variability in polar and aromatic constituents ? 
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5. Infrared spectra of nitrogen bases, groups I and II, of distillate 3 and carbon tetrachloride-eluted fraction of oil IV. 
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one of the nitrogen bases, a strong band appeared 
at 8.6 w (nitrogen bases, group II of distillate IV). 
The observed variability, in all cases, is much greater 
than that found in any of the fractions discussed 
previously. It is consistent with the chemistry 
of the separation to find a variety of amines in the 
utrogen bases, group I, and a large variety of polar 
‘ompounds containing N—-H, O—H, and carbony] 
groups in the nitrogen bases, group II. 
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The spectrum in figure 6 obtained on the portion 
of oil III eluted with ethanol is similar to those in 
figure 5, except for the marked broadening of the 
absorption region on the long wavelength side of the 
C—-H stretching band at 3.4 uw. This is apparently 
due to the breadth of the band at 3.0 4, which appears 
to extend “through” the C—H band to beyond 4 x. 
This conformation is characteristic of hydrogen 











bonding, as found, for example, in carboxylic acids. 
The band near 3.0 uw varies corisiderably in wave- 
length and intensity from one oil to another. The 
aromatic character (bands beyond 11 y) is again 
different from that found in the acidaffins, and 
there is variation from one oil to another. There 
are very strong bands in the range 5.64 to 6.08 yu. 
These are resolved in the spectrum of a thin film, 
as shown in the upper curve of figure 6. The pat- 
terns of bands near 6.0 uw for the six oils seem to 
fall into three categories. The two oils in category | 
(oils I and IT) have common bands at 5.63 (weak), 
5.8 (shoulder), 5.85 (strong), and 6.08 uw (weak). 
Oil IT has an additiona) weak band at 6.01 u. Only 
these two oils have a strong peak at less than 3.0 x. 
The three oils in category 2 (oils IV, V, and VI) 
have bands at 5.66 (shoulder), 5.82 (strong), and 
6.02 to 6.04 uw (strong). The single oil in category 3 
(oil IIT) has bands at 5.87 and 6.08 uw. These bands 
probably represent a variety of carbonyl structures. 
There is evidence of saturated hydrocarbons from 
the strong bands at 3.4, 6.8, and 7.25 yu, but there is 
little evidence of branching, cyclization, or chains 
containing more than four CH, groups. The general 
absorption near 8.0 w seems to have increased still 
further, and the band near 5.2 w has increased 
markedly in intensity. 

These fractions contain compounds with aromatic 
nuclei, condensed or otherwise, and in addition to 
carboxylic acids, combinations of OH, NH, and 
C=O in any form, including alcohols, phenols, 
amines, amides, aldehydes, and ketones. They also 
contain unconjugated C=C (6.08-~ band), conju- 
gated O—C, and aliphatic CH, and CH;. The most 
marked characteristic of these fractions is the varia- 
tion in composition, even of polar groups, from one 
oil to another, a variation that is probably greater 
than in the case of the carbon tetrachloride-eluted 








| 


| 
| 


groups, which places a compound in this fraction. 
The variation in aromatic character of both the 
carbon tetrachloride- and ethanol-cluted fractions 
is to be expected because they are separated from 
the column on the basis of a polarity greater than 
their aromatic character alone. 


10. Asphaltenes 


show their aromatic 
4 i 12.2, and 
These bands are especially noticeable jp 


The asphaltenes, figure 7, 
character by the absorptions at 6.2, 11.4, 12 
13.4 pw. 


~ 


the spectrum obtained with the KBr pellet contain. ' 


ing the greater concentration of asphaltenes (lower 
curve). The presence of CH, and CHs groups jis 
evident from the absorptions at 3.4, 6.8 to 6.9, and 
7.25 uw. The asphaltenes used here were obtained 
by n-nentane precipitation from a crude oil that had 
been airblown (designation (A—QO) of Rostler and 
White [29]). They exhibit a fairly strong absorption 
band at 5.9 « due to the presence of carbonyl groups, 
This band was not present in the spectrum of as- 
phaltenes obtained from crude oil that had not been 
airblown or in the spectrum of Gilsonite. The air- 
blown sample was shown to contain more oxygen 
than either of the other samples [29]. The band at 
2.9 uw is due to the presence of water in the potassium 
bromide of the pellet. The low transmittance at 
shorter wavelengths is the result of scatter by the 
asphaltene particles. It is well known that asphal- 
tenes may result from condensation or oxidation of 
aromatic portions of the oil. Thus, they may con- 
sist of polyamides (from the polar compounds) or 
condensed aromatic rings or both. 

One of the oils was also separated by Kleinschmidt 
into four fractions by means of his chromatographic 
procedure for petroleum asphalts employing fuller’s 
earth as an adsorbent and a different series of eluents 





fraction. This variation may be expected because | from those used here [16]. The infrared spectra of 
it is the most strongly polar group alone and not the | these fractions resembled those of the fractions 
remainder of the molecule, including other polar | studied here. 
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11. Far Infrared and Ultraviolet Spectra- 
Exploratory Studies 


Some exploratory work was done in the region 
between 15 and 40 y, using typical benzene-, carbon- 
tetrachloride- and ethanol-eluted portions of oil LV. 
The curves in figure 8 indicate the type of spectra 
obtained in this region. The spectrum of the paraf- 
fins or the first pentane-eluted portion was not ob- 
tained; a typical mineral oil with no aromatic bands 
in the rock-salt region, shows no bands in this region, 
The absorption bands at 21 and 23.3 uw in the benzene- 
and carbon-tetrachloride-eluted portions occur in a 
region Where aromatic compounds absorb [7]. The 
spectrum of the ethanol-eluted portion retains the 
band at about 23 yw, but the 21-u band is missing. 
No other well-defined bands are found in these spec- 
tra, except for the weak bands at longer wavelengths, 
which are due to uncompensated atmospheric water 
vapor. 

Ultraviolet spectra (fig. 9) were obtained on frac- 
tions of oil I] eluted from silica gel with pentane, 
benzene, and methanol, using an earlier chromato- 
graphic procedure. These fractions had infrared 
spectra similar to those of the corresponding fractions 
presented earlier, with the exception that the meth- 
anol-eluted fraction had more pronounced aromat- 
ic bands at 11.4, 12.2, and 13.4 yu, and less pro- 
nounced bands arising from polar groups than did 
the ethanol-eluted fraction. Spectra of a number of 
fractions obtained by acid extraction are included 
in figure 10. 
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There is a possibility that some carbonyl groups 
are present in these fractions, contributing to the 
absorption near 5.75 and 5.84 wu. Again, conjugated 
nonaromatic C=C bonds might contribute to the 
absorption at 6.2 »u. Weak, but sharp, bands at 
2.88 u might arise from OH or NH groups. There is 
a general increase in absorption in the region near 
Su, where Friedel and Pelipetz [11] observed aromatic 
ether bands in their coal fractions. This absorption 
has the effect of obscuring the 8.5—  chain-branching 
band, particularly in the benzene-eluted portion. 

Thus, the first and second acidaffins and the 
benzene-eluted portion of the oils appear to be 
largely hydrocarbons with more marked aromatic 
character than those in the second pentane-eluted 
portion, but still containing some side chains of 
more than four carbon atoms in length. These side 
chains may also be branched. These fractions may 
be mixtures of substituted aromatic rings joined with 
methylene groups as well as polynuclear aromatic 
hydrocarbons. In the chromatographic fractions, 
the degree of aromaticity and the concentration of 
OH and NH groups vary from one oil to another. 
There is also some variation of these polar groups 
from one distillate to another of the acidaffin 
fractions. 

In considering the foregoing discussion of the first 
and second acidaffins, and the following discussion 
of the two nitrogen-base fractions, it should be 
remembered that these fractions are actually mix- 
tures and are, therefore, only concentrates of the 
designated component (see the group analysis of 
these samples in table Il of Rostler and White [29}). 


8. Nitrogen Bases, Groups I and II and 
Carbon Tetrachloride-Eluted Fractions 


The two spectra in the upper portion of figure 5 
were obtained on the nitrogen bases, groups I and I] 
from distillate 3, as indicated. Nitrogen bases, 
group I, are removed from a petroleum ether solution 
of the oil with dry HCl gas. Nitrogen bases, group 
II, are removed from the remaining solution with 
85-percent sulfuric acid. Groups I and II may be 
removed together with 85-percent sulfuric acid. 
These spectra are remarkably similar to the spectrum 
in the lower portion of figure 5, which was obtained 
on the material of oil 1V eluted from the column with 
carbon tetrachloride. 

It will be noted that the optical density of the 
nitrogen bases, group I, is greater in the region 
between 11 and 13.5 uw, whereas it is less in the region 
between 7.5 and 11 uw. Furthermore, the carbon-to- 
hydrogen ratio is larger for the nitrogen bases, group 
I, than for the nitrogen bases, group II. These facts 
may be interpreted to indicate that the compounds 
in the nitrogen bases, group I, are more highly 
aromatic than those in group II. It will be noted 
that the spectra of these fractions show some loss of 
detail as compared with those in figure 4, as well as 
other evidences of a difference in aromatic character. 

Both nitrogen-base fractions have fairly strong 
absorptions near 3.1 yw, probably due to N—H 
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stretching, and bands in the region between 5,9 
and 6.0 uw, probably due to amide carbonyls, al- 
though unsaturated aldehydes and ketones can also 
absorb in this region. However, there is no eyi- 
dence of the bands characteristic of aldehydes in the 
3.4- to 3.7-u region. The carbonyl absorption js 
much stronger in the nitrogen bases, group I]. 
suggesting that nitrogen in this group is predomi- 
nantly amide in nature, whereas that in the nitrogen 
bases, group I, is largely present in the form of 
amines. This appears to be consistent with the 
elemental analysis of the three sets of fractions 
given in table 1. In each case the amount by 
which the sum of the elements fails to equal 100 
percent is greater for the nitrogen bases, group II, 
suggesting a higher oxygen content. It can be noted 
that the absorptions of both N—H and C=O 
stretching vibrations occur at slightly longer wave- 
lengths in the nitrogen bases, group I; this possibly 
indicates that hydrogen bonding is more pronounced 
in this fraction. It might be expected that suscep- 
tibility to hydrogen bonding would be related to 
reactivity toward dry HCl. Absorptions due to 
N-—H deformation in unsubstituted amides and 
primary amines contribute to the band at 6.25 4g. 
Weak bands at 6.5 uw found in some of the spectra 
of both nitrogen bases and in a number of the spectra 
of the carbon tetrachloride-eluted fractions are 
probably due to the N—H deformation of mono- 
substituted amides and secondary amines, but 
could also result from nitro compounds. A weak 
band appears at 5.2 uw for the nitrogen bases and 
5.3 uw for the carbon tetrachloride-eluted fractions. 
This is in the region where amine hydrochlorides 
absorb. There is still evidence of straight chains 
of four or more methylene groups, none of eyeliza- 
tion, and little of branching. However, the general 
absorption near 8.0 uw attributed to aromatic ethers 
in the spectra in figure 4 has increased in all frae- 
tions in figure 5. The spectrum of the carbon 
tetrachloride-eluted portion appears most similar to 
that of the nitrogen bases, group II, with regard to 
the position of the bands for the polar groups. It 
should be noted that in all the spectra the absorption 
near 3.0 uw could result in part from OH stretchings. 

The aromatic absorptions between 11 and 15 u 
in the carbon tetrachloride-eluted portions differed 
widely from one oil to another. There were also 
differences in the polar absorptions near 3.0 and 
6.0 ». In fact, even the type of spectrum given in 
figure 5 was obtained for only 4 of the 6 oils studied 
(oils I, II], IV, and VI), the spectra of the other 2 
oils being different. Oil Il had sharp bands at 7.9 
and 8.9 uw, a widely different aromatic character with 
absorption bands at 11.8, 12.6, 13.7, and 14.3 4g, 
quite different polar absorptions near 3.0 and 6.0 
uw, and a much reduced CH stretching absorption. 
Oil V had a rather high over-all absorption, with 
broad slight absorptions at 3.0, 3.4, 5.9, 6.2, 6.9, 
and 7.2 w and slight swellings at 11.7, 12.4, and 13.5 
u. Even the nitrogen bases, groups I and II, from 
the different distillates of the same crude oil showed 
a variability in polar and aromatic constituents 
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Figure 5. Infrared spectra of nitrogen bases, groups I and IT, of distillate 3 and carbon tetrachloride-eluted fraction of oil TV. 
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one of the nitrogen bases, a strong band appeared 
at 8.6 uw (nitrogen bases, group II of distillate IV). 
The observed variability, in all cases, is much greater 
than that found in any of the fractions discussed 
previously. It consistent with the chemistry 
of the separation to find a variety of amines in the 
nitrogen bases, group I, and a large variety of polar 
compounds containing N--H, O—H, and carbonyl 
groups in the nitrogen bases, group II. 
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The spectrum in figure 6 obtained on the portion 
of oil III eluted with ethanol is similar to those in 
figure 5, except for the marked broadening of the 
absorption region on the long wavelength side of the 
C—H stretching band at 3.4 uw. This is 2 syraeneted 
due to the breadth of the band at 3.0 », which appears 
to extend “through” the C—H band to beyond 4 x. 
This conformation is characteristic of hydrogen 








bonding, as found, for example, in carboxylic acids. 
The band near 3.0 w varies considerably in wave- 
length and intensity from one oil to another. The 
aromatic character (bands beyond 11 uy) is again 
different from that found in the acidaffins, and 
there is variation from one oil to another. There 
are very strong bands in the range 5.64 to 6.08 x. 
These are resolved in the spectrum of a thin film, 
as shown in the upper curve of figure 6. The pat- 
terns of bands near 6.0 uw for the six oils seem to 
fall into three categories. The two oils in category | 
(oils I and II) have common bands at 5.63 (weak), 
5.8 (shoulder), 5.85 (strong), and 6.08 uw (weak). 
Oil II has an additiona) weak band at 6.01 uw. Only 
these two oils have a strong peak at less than 3.0 x. 
The three oils in category 2 (oils IV, V, and VI) 
have bands at 5.66 (shoulder), 5.82 (strong), and 
6.02 to 6.04 uw (strong). The single oil in category 3 
(oil IIT) has bands at 5.87 and 6.08 uw. These bands 
probably represent a variety of carbonyl structures. 
There is evidence of saturated hydrocarbons from 
the strong bands at 3.4, 6.8, and 7.25 yu, but there is 
little evidence of branching, cyclization, or chains 
containing more than four CH, groups. The general 
absorption near 8.0 uw seems to have increased still 
further, and the band near 5.2 uw has increased 
markedly in intensity. 

These fractions contain compounds with aromatic 
nuclei, condensed or otherwise, and in addition to 
carboxylic acids, combinations of OH, NH, and 
C=O in any form, including alcohols, phenols, 
amines, amides, aldehydes, and ketones. They also 
contain unconjugated C=C (6.08-~ band), conju- 
gated OC, and aliphatic CH, and CH;. The most 
marked characteristic of these fractions is the varia- 
tion in composition, even of polar groups, from one 
oil to another, a variation that is probably greater 
than in the case of the carbon tetrachloride-eluted 





groups, which places a compound in this fraction, 
The variation in aromatic character of both the 
carbon tetrachloride- and ethanol-eluted fractions 
is to be expected because they are separated from 
the column on the basis of a polarity greater thay 
their aromatic character alone. 


10. Asphaltenes 


The asphaltenes, figure 7, show their aromatic 
character by the absorptions at 6.2, 11.4, 12.2, and 
13.4 uw. These bands are especially noticeable jn 
the spectrum obtained with the KBr pellet contain- 
ing the greater concentration of asphaltenes (lower 
curve). The presence of CH, and CH, groups is 
evident from the absorptions at 3.4, 6.8 to 6.9, and 
7.25 uw. The asphaltenes used here were obtained 
by n-nentane precipitation from a crude oil that had 
been airblown (designation (A—O) of Rostler and 
White [29]). They exhibit a fairly strong absorption 

band at 5.9 uw due to the presence of carbonyl groups, 
| This band was not present in the spectrum of as- 

phaltenes obtained from crude oil that had not been 
| airblown or in the spectrum of Gilsonite. The air- 
| blown sample was shown to contain more oxygen 
than either of the other samples [29]. The band at 

2.9 uw is due to the presence of water in the potassium 

bromide of the pellet. The low transmittance at 
| shorter wavelengths is the result of scatter by the 

asphaltene particles. It is well known that asphal- 

| tenes may result from condensation or oxidation of 

| aromatic portions of the oil. Thus, they may con- 

| sist of polyamides (from the polar compounds) or 
| condensed aromatic rings or both. 

One of the oils was also separated by Kleinschmidt 

| into four fractions by means of his chromatographic 





procedure for petroleum asphalts employing fuller’s 
earth as an adsorbent and a different series of eluents 
The infrared spectra of 





fraction. This variation may be expected because | from those used here {16}. 
it is the most strongly polar group alone and not the | these fractions resembled those of the fractions 
remainder of the molecule, including other polar | studied here. 
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Figure 7 Infrared spectra of asphaltenes from air-blown crude oil (designation (A-O of Rostler and White |29)\,) using the KBr 
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. Mt presented earlier, with the exception that the meth- 
sium ar" , 

' anol-eluted fraction had more pronounced aromat- 
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ut ie bands at 11.4, 12.2, and 13.4 y, and less pro- 























Be nounced bands arising from polar groups than did | Fieure 9%. ——e apse ‘i a by chro- 
“a the ethanol-eluted fraction. Spectra of a number of | ee 
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Figure 8. Far infrared spectra (15 to 40 w range) of typical benzene-, carbon tetrachloride-, and ethanol-eluted fractions of oil IV. 
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Ficure 10, Ultraviolet spectra of fractions obtained by acid 


extraction. 


A, First acidaffins, distillate 3 (concentration 12.44 mg/liter); B, nitrogen bases> 
group I, distillate 3 (concentration 12.24 mg/liter); C, second acidaffins, distillate 
3 (concentration 6.10 mg/liter); D, nitrogen bases, group II, distillate 3 (con- 
centration 11.44 mg/liter); E, paraffins (a), distillate 3 (concentration 129.6 meg 
liter); and F, asphaltenes from crude oil, not air blown, designation AC of Rostler 
and White [29] (not entirely soluble). 


It will be noted that there is a similarity in the 
mineral-oil fractions separated by the two methods. 
The acidaffins are similar to the benzene-eluted frac- 
tion and also, in this part of the spectrum, to the 
nitrogen bases and the polar compounds eluted with 
methanol. A study of the spectra compiled by 
Friedel and Orchin [10] indicates that the shape of 
the curves for the acidaffins, nitrogen bases, and 
benzene- and methanol-eluted portions could result 
from mixtures of various aromatic and aromatic 
polar compounds, in agreement with the results of 
the infrared studies. However, the data of Braude 
[3] show that conjugated dienes and trienes absorb 
at 217 and 265 yu, respectively. Thus, the possible 
presence of compounds containing conjugated double 
bonds along with the aromatic compounds cannot 
be ruled out. Assuming these absorptions to be 
largely due to aromatic compounds, the fact that 
they are more intense in the nitrogen bases, group I, 
than in the nitrogen bases, group II, is consistent 
with the conclusion derived from the infrared 
spectra that the nitrogen bases, group I, are more 
aromatic. Prem and Duke [21,22], from more 
extended studies have developed a method of 
identifying oils in oil-extended rubber. Charlet 
and his coworkers [6] by means of ultraviolet and 
infrared studies, have identified specific compound 
types (aromatic) in fine cuts of gas oil and cycle 
stock from catalytic cracking. 
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12. Quantitative Comparison of Fractions 


In table 5, a quantitative comparison is made of} 
the chromatographic and acid-extraction procedures, 
The data given here are derived from table 3. [,> 
will be noted that for all six oils, the first pentane. 
eluted portion is nearly the same in quantity as the! 
paraffin portions. It is also apparent that the com. 
bined acidaffins vary from being slightly more than 
the combined benzene and second pentane-eluted | 
portions in the “‘paraffinic’”’ oils to considerably less | 
in the highly “aromatic” oils. In oils I, Il, and IJ) 
the two nitrogen-base fractions are roughly equal 
in quantity to the combined polar fractions, but in 
the remaining oils the combined nitrogen-base frae- 
tions are about twice as large as the combined polar 
fractions. 


‘ 


TABLE 5. Quantitative comparison of procedures 
) 
second Car Nitro- 
pen- First bon- gen 
First Par- tane and tetra- bases, 
Oil samples pen- affins ind second  chlo- | groups |. 
tane ben- wid- ride I and 
zene affins and Il 
ethanol 
I Cireosol 2* H 53.4 SO. 1 43.3 47.7 4.3 2.2 
II Sundex 53 25. 1 23.8 69. 7 69.7 6.9 6.5 
Ill SPX 97 26.0 24.5 69.1 67.8 8 7.7 
IV Philrich 5 11.0 9.6 RLS 78.0 6.6 12.4 
Vv Dutrex 20 6.0 6.1 SILAS 70.0 11.4 23.9 
VI Califiux TT 10.7 10.5 76.0 68. 1 13.2 21.4 
ore , ' ‘ ‘ 
The nitrogen-base fractions examined spectro- 


scopically were obtained from an oil high in nitrogen 
bases and acidaffins. Apparently, a part of the 
material left behind by the 85-percent H,SO, in the 
more “‘paraffinic-type” oils is probably removed by 
this reagent from the more ‘aromatic-type’’ oils, 
This additional material would tend to mask the 
characteristics of the polar compounds noted (i. e., 
acidic groups, etc.) explaining the greater similarity 
between the acidaffins and the  nitrogen-bases 
studied, than between the benzene-eluted material | 
and the polar compounds. Chemically, most. of 
the polar groups would be expected to be found in 
the material extracted with 85-percent sulfuric acid. 
Dunkel, Ford, and MeAteer [9] have observed a 
similar correlation between the quantities of mate- 
rial separated by the acid-extraction method and 
those separated by their chromatographic procedure. | 
They also observed the same discrepancies between 
polar compounds and nitrogen bases for oils con- 
taining large quantities of nitrogen bases. It may 
thus be assumed that some of the variations from 
oil to oil present in the polar fractions are also present 
in the nitrogen-base fractions but masked in_ the 
more highly ‘“aromatic-type” oils. This could be 
verified, if desired, by an examination of the nitrogen- 
base fractions from a number of different “paraffinie- 
type” oils. Furthermore, the observed variation in 
the correlation between the two methods of analysis 
with change in oil type suggests a variability from 
oil to oil and of the compounds in both the acidaffin 
and the nitrogen-base fractions. 
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The concentrations of the compounds found in the 
fractions eluted with the second portion of pentane 
and with carbon tetrachloride are too small (table 3) 
to affect the spectra of the fractions into which they 
are separated by the sulfuric-acid extraction 
procedure. 


13. Summary and Conclusions 


There is a similarity between the paraffin fractions 
obtained from the oils by the acid-extraction pro- 
cedure and by the chromatographic method. They 
contain straight chain, branched, and cyclic hydro- 
carbons. The benzene-eluted portion and the first 
and second acidaffins are also similar to each other. 
They contain substituted aromatic compounds 
possibly joined together by side chains or poly- 
nuclear aromatic compounds with side chains, as 
well as some hydroxyl or amine groups. The nitro- 
gen bases, group I, appear to be composed largely 
of amines, whereas the nitrogen bases, group II, 
seems to consist mainly of amides, as well as car- 
bonyls, hydroxyl groups, and ethers. The carbon 
tetrachloride-eluted portion appears to contain some 
amines, hydroxyl compounds, amides, and ethers, 
whereas, in addition to these, the ethanol-eluted 
portion also contains organic acids. Quantitative 
comparisons of the two methods indicates the likeli- 
hood that compounds whose presence is quite 
apparent in the ethanol-eluted fraction (mainly 
acids) are also present in the nitrogen-base fractions, 
especially the nitrogen bases, group II. 

Furthermore, this study indicates a variability of 
the components in each fraction from one oil to 
another. From the standpoint of the performance 
of oil-rubber master batches, this variability appears 
to be more important in the aromatic and polar 
materials than in the paraffinic fractions [36, 38]. 
The polar compounds, such as carbonyls, ethers, 
amines, and hydroxyl groups, have been found to 
vary from one oil to another. It is known that com- 
pounds such as these can affect the rate of degra- 
dation of polymers and may, therefore, account in 
part for variations in the rate of oven aging reported 
in laboratory studies [36] for both acidaffins and 
nitrogen bases obtained from different oils. 

It has been suggested by Taft et al. [40] and 
Rostler and White [29] that active hydrogens on 
tertiary carbon atoms in the oil fractions might have 
similar effects. This hypothesis is also consistent 
with the results of this study because increasing com- 
plexity of branching and ring structure could 
naturally lead to a greater number of tertiary carbon 
atoms differing in activity from oil to oil. It is to 
be anticipated that this effect would be emphasized 
in the more complex fractions, such as the acidaffins 
and nitrogen bases, and especially in the polar 
materials, where a more marked variation in aromatic 
ring structure was noted from oil to oil. This effect 
in these fractions is further enhanced by variations 
in unsaturated polar groups, such as ketones, acids, 
amides, ete., which activate the hydrogens on the 
carbon atom alpha to the unsaturated group. 





It has been reported that the rates of oven aging 
and Banbury breakdown vary for different fractions 
of the same oil, as well as for different oils [36, 38). 
The cause of this behavior is now apparent. For 
example, paraffins, in spite of their branched char- 
acter, have been found to retard heat deterioration 
of master batches [38]. Apparently, the GR-S 
polymer chain with its unsaturation and conjugation 
in the phenyl ring contains hydrogens that are more 
labile than those in the paraffinic portion of the oil. 
The paraffins thus tend to dilute and protect the 
more susceptible polymer chains from oxygen attack. 
Even in the case of polystyrene, Wall, Harvey, and 
Tryon [41] have shown that oxidative attack occurs 
on the carbon atom alpha to the phenyl ring. 

On the other hand, the more reactive fractions, 
such as the acidaffins or nitrogen bases, show 
sufficient evidence of combined polar, aromatic, and 
saturated structures, so that active centers could be 
produced upon oxidation. Such centers are appar- 
ently more active than those produced on the 
polymer itself and act as promoters or initiators of 
free-radical oxidation of the polymer molecule, 
leading to the observed marked reduction in molecu- 
lar weight [36, 38]. 

Variations in these polar, aromatic, and saturated 
structures from oil to oil probably account for ob- 
served variations in oven aging and Banbury break- 
down for the different oils. 

Amines were among the earliest organic accelera- 
tors, and their presence in the nitrogen bases, group I, 
readily explains the effect these fractions have on the 
rate of cure [38]. The reported increased demand for 
sulfur in going from paraffins to acidaffins to nitrogen 
bases [38] is consistent with the increased reactivity 
of the compounds in these fractions. 

Evidence for other groupings of possible interest in 
these connections, such as S—S, C—S, C= 8, S—H, 
and aromatic rings containing nitrogen, have not 
been obtained in this study; bands due to some of 
them may have been concealed by the strong hydro- 
carbon absorption. 


The authors express their indebtedness to F. 5S. 
Rostler of the Golden Bear Oil Co., and to A. R. 
Glasgow, Jr., D. J. Termini, and L. R. Kleinschmidt 
of the National Bureau of Standards for supplying the 
samples and analytical data used in this study, and 
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University of Akron. The ultraviolet spectra used 
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te) Journal of Research of the National Bureau of Standards Vel. 59, No. 1, July 1957 Research Paper 2772 
Ctures - * 1 
{ 
1949), | Infrared Spectra of Sugar Acetates in Solution 
4, Horace S. Isbell, Francis A. Smith, E. Carroll Creitz, Harriet L. Frush, Joseph D. Moyer, 
" and James E. Stewart 
1. 47, 
Infrared absorption spectra are reported for a group of structurally and configurationally 
By 610 related carbohydrate derivatives. The conformation of the pyranose ring and other struc- 
> tural features of the compounds are discussed in relation to the spectra. Most of the 
1, 735 4 absorption that is characteristic of the cyclic carbohydrate structure occurs in the region 
, of 8.4 to 15 uw. Although the spectra are complex and difficult to interpret, they show 
ry 270)? features from which a number of provisional conclusions have been drawn. 
_ It was found that fully acetylated monosaccharides with an axial glycosidic acetate 
<i of group give a moderately strong absorption band at 8.63+ 0.04 uw, and at most a weak band 
hem at 8.87+ 0.06 uw; whereas compounds having an equatorial glycosidic acetate group absorb 
weakly at 8.63 uw, and give a moderately strong band at 8.87 uw. The spectra for the acetates 
India having the gulo-, ido-, or talo-configurations appear to indicate the presence of the C’2, or 
less common chair conformation, or a mixture of conformations. 
nder, | Acetylated methyl! glycosides with the methoxyl group in the axial position give charac- 
396) teristic absorption at 8.33+0.02 uw and at 8.80+0.05 yw; none of the compounds with the 
1 methoxy! group in the equatorial position shows absorption in these regions. Absorption 
id R at 8.80 uw is enhanced further by the presence of axial acetyl groups on the ring. On the 
basis of this generalization, an acetylated methyl glycoside with the 8-gulo structure gives 
idrie, evidence for the presence of the C’2 conformation, 
Overlapping bands in the region of 8.0 to 8.2 yw arise from acetyl groups of diverse 
, and character, with the result that spectra in this region show characteristic features for some 
compounds. Thus the pyranose acetates of the pentoses and of rhamnose give a sharp, 
id J, well-defined band at 8.0 yu, but the acetates of the hexoses and higher sugars give a poorly 
fe defined band that seems to include an overlapping component with a maximum at higher 
eC 79d, wavelength. This characteristic may serve to distinguish acetates that do, or do not, have a 
' primary acetyl group. 
1eM, 
Ind 1. Scope and Purpose of the Project | Comparison of these ultimately will be used to 
Anal, detect possible changes in conformation with change 


This project was undertaken with the object of 
providing infrared spectrograms of an_ extensive 
groupffof carbohydrates and carbohydrate deriva- 
tives, for the purpose of discovering correlations that 
might be of value in structural analysis. It was 
particularly desired to obtain information concerning 
the conformation of the pyranose ring. For this 
reason, the study has included some rare configura- 
tions that might exist in unusual conformations. 

Spectrograms of crystalline materials suspended in 
mineral oil, or in a pellet of an alkali metal halide, 
differ from spectrograms of the same material 
dissolved in a solvent, or cast in an amorphous film. 
The differences arise from the presence or absence of 
intererystalline forces, hydrogen bridging, inter- 
molecular combinations, intramolecular steric effects, 
and other factors. By a study of the infrared 
absorption of materials both in the crystalline state 
and in solution, changes in ring conformation, 
hydrogen bridging, and other properties can be 
detected [1] Infrared absorption spectra are re- 
ported in this paper for compounds dissolved in 
suitable solvents, whereas absorption spectra for the 
same compounds and many others in pellets of an 
alkali metal halide will be reported separately.’ 





in state. 

The use of infrared absorption spectra for struc- 
tural studies depends on absorption bands that 
can be correlated either directly or indirectly with 
definite structures. The presence or absence of 
the characteristic absorption, in an unknown sub- 
tance, is then taken as evidence for the presence or 
absence of the structure in question. The position 
and intensity of the absorption bands produced 
by each atomic linkage vary somewhat with struc- 
ture. Hence the spectra of many compouhds of 
known structure must be mapped before the method 
can be used to study unknown structures. The 
reliability of the structural assignments increases 
with the accumulation of spectra for substances of 
known structure that confirm the assignment [7, 8]. 


2. Ring Conformation 


Interpretation of the infrared spectra of the carbo- 
hydrates requires consideration not only of structure 
and configuration but also of ring conformation, or 
shape. The presence of large groups in axial posi- 
tions, bridged groups, fused rings, eclipsed atoms, 
and other types of steric hindrance make some 
conformations less stable than others. Ordinarily, 


———— large groups tend to take equatorial positions and 
\ This paper is based on work supported by the Chemistry Branch of the Office | thus greatly influence ring conformation [9]. In 


if Naval Research, done under contract No. N R0O55208 
? Figures in brackets indicate the literature references at the end of this paper 
he references for table 2 are given at the end of the table 
While the work was in progress, several papers appeared that presented 
infrared absorption spectra of some of the carbohydrate derivatives reported 
here [2 to 6]. However, none of the compounds was studied under the conditions 
ol the present project. 
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most cases, the pyranose ring assumes 1 of 2 chair 
conformations in which carbons 1, 2, 4, and 5 lie 
in one plane, and carbon 3 and the ring oxygen lie 
outside of the plane in the trans position [10]. 








The two conformations differ in that carbon 3 and 
the ring oxygen are trans to each other in the op- 
posite sense. This difference causes the axial groups 
of one conformation to be the equatorial groups 
of the other, and vice versa. In order to facilitate 
comparison of the spectra of carbohydrate deriva- 
tives, a system of classification has been devised 
in which these conformations are designated C’] 
and C’2 [11]. The normal, or C’1l, conformation 
has the reference group ‘ at carbon 5 in the equatorial 
position, and the C’2 conformation has this group 
in the axial position.’ The positions of the reference 
groups in the two conformations are listed in table 1. 
In contrast to the classification of Reeves [10], this 
svstem has the advantage of classifving in the same 
group, in both vp and that conformation 
laving the same equatorial and axial arrangement 
of groups. The relationship to the Reeves classi- 
fication is: 


L S€TIES, 


T shell nomenclature Reeves nomenclature 


D- or L-hexose p-hexose L-hexose 
C'l Cl lt} 
C’2 1c Cl 
TABLE 1. Positions of reference groups in pyranose structures * 
| C’1 conformation C’2 conformation 
Code Cc 
ode Position of ode Cosiearetion Position of 
Configuration reference — reference 
| groups groups 
-l1 a-gluco aeeee 53 B-ido ieeea 
12 B-gluco eeeee ‘4 a-ido eeeea 
| 21 a-manno iaeee 3 B-gulo aaeea 
22 B-manno eaeee 4 a-gulo eaeea 
-31 a-galacto te eae 73 B-altro aeeaa 
32 B-galacto eeeae 74 a-altro eeeaan 
-41 a-talo ,aeae 83 B-allo aaeaa 
.-42 B-talo eaeae M4 a-allo eaeaa 
51 a-ido aaaae l B-gluco taaaa 
-52 B-ido eaaae a-qluco eaaaana 
Al a-qulo aeaae -2: B-manno 1e aaa 
2 B-gulo eeaae 24 a-manno eeaaa 
71 a-altro aaaee -33 8-galacto ,aaea 
a2 B-altro eaaee -34 a-galacto eaaea 
Sl a-allo aeaee -43 B-talo re aea 
.-82 B-allo eeace -44 a-talo eeaea 


* Axial and equatorial positions for reference groups of the ring are shown 
consecutively, with increasing carbon number from left to right. Hydrogen 
atoms occupy the remaining positions. 


Table 1 shows that the positions of the reference 
groups and hydrogen atoms with respect to the ring 
depend on both configuration and ring conformation. 
For example, a-gulose C’l (aeaae) differs at all 
carbons from a-gulose C’2 (eaeea), whereas a-gulose 


‘A reference group is defined as any group, other than hydrogen, that is at 
tached to the ring structure. Inasmuch as the pentoses and ketohexoses do not 
have a reference group at carbon 5, this rule is not applicable. However, on the 
basis of similarities in properties, the pentoses and ketohexoses are classified with 
the aldohexoses, in both the Cl and C2 conformations, as follows: xylose and 
sorbose with glucose, lyxose and tagatose with mannose, arabinose and fructose 
with galactose, and ribose and psicose with talose 

‘The symbols Cl and 1C have been used extensively to represent the two 
chair conformations of the pyranose ring. Reeves defines the symbols on the 
basis of formulas given in his publication [10]. The arrangement of the ring- 
forming atoms in the two conformations are related as object and mirror image, 
and consequently the conformation designated C1 in the p-pyranose series is 
+1C in the L-pyranose series. To facilitate comparison of structurally related 
substances in the p- and L-series, Isbell used the C1 term in a slightly different 
sense. Inasmuch as use of the same symbol with different meaning may lead to 
confusion, hereafter the conformations defined by Isbell [11] will be designated 
C’land C’2 


C’1 and B-mannose C’2 (aeaaa) have like axial and 
equatorial arrangements at all carbons except carbon 
5. Furthermore, in the C’1 conformation, the gly- 
cosidie group of an alpha hexose or higher sugar js 
axial, but in the C’2 conformation it is equatorial, 
Therefore, with regard to the axial and equatorial 
positions of the glycosidic group only, this relation- 
ship makes the alpha C’1 comparable to the beta C’2 
derivatives,® and the beta C’l comparable to the 
alpha C’2 derivatives. It follows that the axial and 
equatorial positions of the glycosidic carbon are not 
definitive of alpha and beta configuration except in 
a given conformation. These examples show that 
in rationalizing the reactions and properties of carbo- 
hvdrate derivatives, configuration and conformation 
must be considered to be mutually dependent. 
Because all of the axial groups of one chair confor- 
mation are the equatorial groups of the other, then 
for a substance having a known configuration and a 
chair conformation, the axial or equatorial position 
of any specific atom or group attached to the ring 
will define the conformation of a pyranose structure 

Classification of the pyranose derivatives only in 
the C’1 and C’2 groups involves oversimplification, 
Some of the compounds may exist in mixtures even 
including boat forms. To interpret the infrared 
spectra, definite conformations must be assumed, 
As a working hypothesis, the C’l conformation is 
considered as a first choice, the C’2 conformation as a 
second. Finally, the possibility of various boat con- 
formations must be considered. With provisional 
assignments, attempts can be made to rationalize 
the experimental results with the postulated confor- 
mations. The method is one of trial and error, but 
should ultimately lead to the recognition of absorp- 
tion bands characteristic of the structure of the 
compounds. 

To facilitate comparison, code numbers have been 
assigned to compounds listed in table 2 by means of 
the scheme previously published [11]; the codes are 
suitable for classifying and separating the data by 
punched-card techniques. Generic classification is 
obtained by means of only one or two of the digits 
in the code number, and a more specific classification 
by use of a sequence of digits following a decimal 
point. For example, all aldohexose derivatives are 
characterized by 2 to the right of the decimal point, 
and all substances having the  a-glucopyranosyl 
structure and the C’1 conformation by the sequence 
211. For reference purposes, the code numbers are 
based on a postulated C’1 ring conformation. The 
usefulness of the system for study of infrared spectra 
arises from the ease with which carbohydrate deriv- 
atives can be sorted and correlated according to 
structure, configuration, and ring conformation. A 
complete analysis of the spectrograms would be 
beyond the scope of the present report, but certain 
aspects of the work will be considered briefly in 
sections 4 and 5. 


TT 


6 The alpha C’l and the beta [C’2 derivatives of a given pyranose have the 
glycosidic group in the axial position on the opposite.sides of the plane of car- 
bons 1, 2, 4, and 5 
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TABLE 2. 


Code Compound 


FULLY 


Octa-O-acet y1-8-maltose 
[Octa-O-acetyl-a-b-glucopyranosyl-(1 
glucopyranose’ 
Octa-O-acet yl-trehalose 
|Octa-O-acet yl-a-D-glucopyranosy|-(1 
glucopyranoside}. 
Octa-C -acet yl-a-cellobiose 
[Octa-O-acet v1-6-D-glucopyranosy |-(1 
glucopyranose] 
Octa-O-acet y1-6-gentiobiose 
|Octa-O-acet yl-a-p-glucopyranosy|!-(1 
glucopyranose]. 
Octa-O-acet y1-8-melibiose 
[Octa-O-acet yl-e-D-galactopyranosy|!-(1 
glucopyranose] 
Octa-O-acet yl-a-lactose 
[Octa-O-acet y1-6-D-galactopyranosy|-(1 
glucopyranose] 
Octa-O-acet y1-8-lactose 
|Octa-O-acet v1-6-D-galactopyranosy |-(1 
glucopyranose}. 
Octa-O-acet yl-lactulose 
|Octa-O-acet y1-8-pD-galactopyranosy!-(1 
fructofuranose}. 
Octa-O-acet yl-sucrose 
|Octa-O-acet vyl-a-p-glucopyranosy |- (1 
fructofuranoside}]. 


>4)-B-D- 
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»))-8-D 


»t}) -B-D- 
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»4)-8-D- 


»2)-8-D- 


* In a few cases the temperature reported in the literature differed from that employed at the Bureau 
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3. Experimental Procedures 


3.1. Preparation and Purification of the Compounds 

The compounds listed in table 2 were prepared by 
the methods given in the references cited. Each 
substance was recrystallized from a suitable solvent 
until further crystallization caused no change in 
either melting point or optical rotation. In most 
cases the melting point and optical rotation agree 
with values found in the literature. Some discrep- 
ancies can be seen, but because the purifications 
were conducted with great care, it is believed that 
the values reported here are correct, 


3.2. Solubility of Compounds in Carbon 
Tetrachloride 


The approximate solubilities of the materials in car- 
bon tetrachloride were determined in order to facilitate 
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preparation of solutions, and not as a criterion of 
purity. The values were obtained in the following 
manner: A sufficient quantity of the compound was 
added to 10 ml of carbon tetrachloride to provide a 
saturated solution at 20° C. After 24 hours, during 
which the mixture was occasionally shaken, 5 ml of 
the solution was drawn through a cotton filter into a 
pipet and transferred to a tared dish; the solvent 


Was evaporated and the weight of the residue deter- 


mined. 


3.3. Solvents Used for Spectrograms 


The choice of solvents used in these measurements 
was determined by their suitability for use in cells 
with rock salt windows, by their transparency in 
the range of wavelengths studied, and by their 
effectiveness in dissolving the samples. 

The following solvents were used in this work: 

Carbon tetrachloride —This solvent was purified by 
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efficient fractional distillation; purity was checked 
by refractive index, 

“Carbon disulfide—A commercial analytical reagent 
was used; purity was checked by determination of 
boiling point and residue. 

Chloroform—This solvent was purified in small 
quantities at frequent intervals (every 2 to 3 days). 
U.S. P. chloroform was washed several times with 
concentrated sulfuric acid, with water, with a solu- 
tion of sodium bicarbonate, and finally with water. 
It was then dried with anhydrous calcium sulfate, 
filtered, and stored in the dark over silica gel. 

Diorane—Peroxides present in commercial dioxane 
were removed by treatment of the solvent with 
solid potassium iodide. The dioxane was decanted 
from the iodide, and the free iodine and most of the 
water were removed by shaking the material with 
an excess of solid potassium hydroxide. The dioxane 
was decanted, and treated with sodium to remove 
traces of water and iodine. After 24 hours the 
product was distilled, and then stored in the dark. 


3.4. Measurement of Spectrograms 


The spectrograms’ of the substances listed in 
table 2 were made with a model 12B Perkin-Elmer 
spectrometer with the auxiliary equipment and 
working conditions described by Creitz and Smith 
(12). The observed transmission in percentage, cor- 
rected for solvent, was plotted with respect to wave- 
length and wave number. The resulting spectro- 
grams are presented in the figures at the end of 
this paper, in which the solid lines represent absorp- 
tion in carbon tetrachloride solutions, and the broken 
lines, absorption in chloroform, dioxane, or carbon 
disulfide solutions, as shown by the kev. When 
solubility of the compounds permitted, measure- 


ments were made in carbon tetrachloride: in the 
region in which carbon tetrachloride is opaque, 
either carbon disulfide or dioxane was used. For 


some compounds of low solubility, it was necessary 
touse chloroform solutions. In a few cases, measure- 
ments are given at more than one concentration and 
in cells of different length. 


3.5. Estimation of the Molar Absorbancy Indices 


Molar absorbances indices were calculated 
means of the Beer-Lambert law in the form 


by 


logio T= —logio( Tsoin./T sow.) = Gar be, 

where 7, is the transmittancy of the sample, Tyo. 
and 7... are the transmittances of the cell contain- 
ing solution and solvent, respectively, 6 is the cell 
length in centimeters, ¢ is the concentration in moles 
per liter, and ay, is the molar absorbancy index [13]. 
The integrated molar absorbancy index equals 
Say(v)dv, where v is a measure of the frequency 
expressed in wave numbers (reciprocal centimeters) 





’ The spectrograms were given in an NBS unpublished report to the Office of 
Naval Research dated December 31, 1951. The report was distributed to numer- 
ous research workers, and the data for some of the compounds have been included 
ina review article [3]. 
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and the limits of integration are selected to cover 
the area enclosed by the bands. When —log, 7’, is 
plotted against wave number, the area beneath a 
given absorption band is proportional to the inte- 
grated molar absorbancy index. In a few cases, 
integrated molar absorbancy indices were compared 
by cutting out and weighing the area of paper en- 
closed. The results were reduced to a comparable 
basis by dividing the weight of the clipping by the 
product of the molar concentration of the substance 
and the cell length. In the study of absorbancy 
due to the acetyl carbonyl group, the molar absorb- 
ancy index was divided by the number of these 
groups (n) per molecule. The resulting value (aj,/n) 
is termed the “group absorbancy index”’ (see table 5). 


4. Assignment of Ring Conformation From 
Infrared Absorption 


One of the main objects of the present investiga- 
tion was to obtain information concerning the con- 
formation of the pyranose ring. Although the struc- 
ture and configuration of most carbohydrates are 
known, there is comparatively little mformation 
concerning ring conformation. Assignments of ring 
conformation based on the formation of copper 
complexes {10, 14] and other products may be open 
to question because of changes under the influence 
of the reagent; assignments based on reaction rates 
{15] require the interpretation of mechanisms that 
may not always be correct. Ultimately, the study 
of infrared absorption spectra may provide a more 
satisfactory means for the assignment of ring con- 
formation. Some progress in this direction has 
already been made. Thus, Jones, Ramsay, Herling, 
and Dobriner [16] have found that the carbonyl 
stretching vibration of a-bromo-ketosteroids is dis- 
placed in a characteristic manner according to 
whether the bromine atom has an axial or equatorial 
position in the cyclohexanone ring; Cole, Jones, and 
Dobriner {17, 18] have shown that an axial or equa- 
torial position of an acetate group on the A ring of 
steroids is characterized by different band patterns, 
as well as by a shift of the stretching vibration of the 
acetyl carbonyl. Also, Barker, Bourne, Stacey, and 
Whiffen [4] have made the suggestion that certain 
absorption bands for pyranose derivatives may be 
characteristic of the axial or equatorial position of 
the hydrogen of carbon 1 (see also [5]). 

The results of the present study show clearly that 
infrared absorption provides the basis for a promising 
method of studying the ring conformation of carbo- 
hvdrates. A few of the bands that seem character- 
istic of certain structures or conformations will be 
discussed here; others will be considered in future 
publications. 

Table 3 lists certain bands for the fully acetylated 
monosaccharides that seem to vary with the axial or 
equatorial positions of the glycosidic acetate groups. 
Interpretation of the absorption spectra in terms of 
structure requires knowledge of the ring conforma- 
tion of at least some of the members of the group. 
Rates of oxidation with bromine [15], indicate that 








TABLE 3. 


Configura- | Probable 


Compound tion conform- 
ition 
Tetra-O-acet yl-a-D-xylopyranose a-qluco Cc’ 
Penta-O-acet vl-a-b-glucopyranose a-gluco Cc’ 
Tetra-O-acet yl-a-D-ly xo pyranose a-manno C7 
Penta-O-acet yl-a-D-mannopyranose a-manno C1 
Hexa-O-acetyl-pD-glycero-a-L-manno-heptopyranose a-manno Cl 
Penta-O-acet yl-a-D-galactopyranose a-gala Cc’) 
Tetra-O-acet yl-6-D-xylopyranose B-gluco C*l 
Penta-O-acet yl-6-D-glucopyranose B-gluco Cc’ 
Penta-O-acet yl-6-D-mannopyranose B-manno i 
Tetra-O-acet yl-a-L-arabinopyranose _ B-vala Cc’ 
Penta-O-acet yl-8-p-galactopyranose B-gala Cc’ 
Hexa-O-acetyl-p-glycero-8-D-gala-he ptopyranose B-vala Cl 
Penta-O-acet yl-a-D-gulopyrancse a-qulo C’2' 
Hexa-0O-acet yl-D-glycero-a-D-gulo-heptopyranose a-gulo C9 t 
Hexa-O-acet yl-D-glycero-8-D-gulo-heptopyranose B-qulo C’2t 
Hexa-O-acet yl-p-alycero-8-D-ido-he ptopyranose B-ido C’2t 
Penta-O-acet yl-a-D-talopyranose a-talo C’2t 


* s,m, and w indicate strong, moderately strong, and weak bands, respec- 
tively; (tr) indicates the weakest observable absorption 

> Although the spectra indicate the presence of the C’2 conformation, the data 
are not conclusive, and both conformations may be present. 

¢ No absorption band was evident. For purposes of comparison only, ay at 
8.63 w was calculated and deducted from that at 8.87 gw to give the difference cited 
in parentheses, 


the free pyranose sugars having the gluco-, manno-, 
and galacto-configurations ordinarily exist in the C’1 
conformation. If the C’1 conformation is postulated 
for all of the fully acetvlated monosaccharides having 
these three configurations, it is found that the modi- 
fications having an axial glycosidic acetate group 
give a moderately strong absorption band near 8.63 
pw and at most a weak band near 8.87 uw; whereas, the 
modifications having an equatorial glycosidic acetate 
group absorb weakly near 8.63 » but give a moder- 
ately strong band near 8.87 uw. Thus, strong absorp- 
tion near 8.63 uw appears to be characteristic of a 
structure having an axial glycosidic acetyl group; 
similarly, strong absorption near 8.87 w appears to 
be characteristic of a structure having an equatorial 
glycosidic group. The differences between the molar 
absorbancy indices in the two regions for all of the 
acetates having the gluco-, manno-, and galacto- 
configurations (table 3) are in agreement with this 
generalization. At present, little is known concern- 
ing conformation in the gulo-, ido-, and ta/o-con- 
figurations. If the above generalization is applied to 
these three configurations, it indicates the presence 
of the a-pyranose C’2 conformation in hexa-O- 
acetyvl-p-glycero-8-p-ido-heptose (fig. 15) and hexa- 
O-acetyl-p-g/ycero-8-p-gulo-heptose (fig. 17), and the 
e-pyranose C’2 conformation in penta-O-acetyvl-a-p- 
gulose (fig. 12), hexa-O-acetyvl-p-g/ycero-a-p-gulo- 
heptose (fig. 16) and penta-O-acet vl-a-p-talose.* 
However, the spectra for these compounds show 
that the situation is not entirely clear, and it seems 
possible that both conformations Tree be present. 
Consideration of stereomeric factors seems to indi- 
cate that some of the compounds in this group should 
exist in the C’1 form. Both the B-gu/o- and the 6-ta/o- 
_ Structures have three equatorial reference groups 





* The numbers of the in parenthese Because of lack f 
material, the spectrum of penta-O-acetyl-a-D-talose, previously measured by 
the potassium chloride pellet technique [19], Was not measured in solution 


spectra are given 


Position of 


Absorption bands at 8.64 and 8.8? pw for fully acetylated monosaccharides 


Hypothet- 
ical a-pyra- 
nose band @ 


Hy pothet- 
ical e-pyra- 
nose band ® 


Molar absorbancy indices 


reference Spectrum 


groups S.6840.04 gp  SSTEOO06 w ay at am at Difference 
S.t4 uw S.S7 
ie ec S.61s 8.5 W 300 17 +127 i 
ieeee Ss SSD W is 1h) + 222 ) 
iaee- 8.67 8 S.S4 Ww 40) 7a +313 4 
aaeec S058 S.42 (tr 5G US 145 7 
aaeece 8.65 m 8.92 (tr 44 223 +221 Is 
reeae |{ 861m L gga (tr tit 158 1) 9 
| 8.65 m J 

eecee 8.62 (tr 8.89 m 71 223 152 2 
eeeer ( 8.92 m 11s 233 115 6 
eaeee 8.67 (tr S.8Y ™m 107 161 ‘4 8 
eeea- ‘ S.S0 mm Ww 232 142 4 
eeeae ( S.S6o™m v2 ‘ 233 141 10 
eeeae 8.62 w S83 m 139 282 145 14 
eaeea f 8.83 m L vgs f 342 247 49 

| 8.90 m J t 312 213 j 
eseen 8.59 m f S860 m | 1M j a4 SS | 16 

| 8.938 m j | 309 103 { 
raeea 8.60 m S.91 (tu lay 172 +27 17 
ieeea 8.65 W SSS (tr 222 VT 15 15 
eeasea 8.90 5 i i neg (4 


1 The spectrogram, previously published [19], was made by the potassium 
chloride pellet technique Hence values for ay comparable to those reported 
here cannot be assigned. In accordance with the C’2 conformation indicated, 
the absorption in the region of 8.63 ~ Was less than that in the region of 8.87 g, 


when in the C’l conformation, and two when in the 
C’2 conformation. The reverse distribution is present 
in the alpha forms (see table 1). In view of the 
tendency of large groups to take equatorial, rather 
than axial positions, the C’l conformation would 
seem to be the more probable for the 8-gu/o- and 
8-talo- structures, and the C’2 conformation for the 
corresponding alpha modifications. One of the two 
modifications of the talose configuration is not 
available for comparison, but the distinction sug- 
gested is not apparent from the absorption bands 
for the alpha and beta modifications of hexa-0- 
acetyvl-p-glycero-p-gulo-heptose (figs. 16, 17). 

Table 4 gives a summary of absorption bands for 
the acetylated methyl glycosides in the regions of 
8.33 and 8.80 uw. These regions seem particularly 
promising for study of the conformation of the ring 
in the acteylated methyl pyranosides. All of the 
acetylated methyl pyranosides in the g/ueco-, manno-, 
and galacto-configuration that have been assigned 
the a-pyranose C’l conformation show absorption 
bands at 8.30 to 8.35 w (1,205 to 1,198 em) with 
the possible exception of methyl tri-O-acetyl-a-p- 
lvxoside (fig. 21), the spectrogram of which shows a 
slight inflection. None of the corresponding com- 
pounds having the e-pyranose C’l conformation 
gives a band in this region. Table 4 shows that the 
a-pyranose acetylglycosides absorb more strongly 


than the e-pyranose acetvlglvcosides in the region of | 


8.80 uw. Methyl penta-O-acetvl-p-g/ycero-B-p-qulo- 
heptoside (fig. 31), the conformation of which is 
unknown, shows no distinctive band near 8.33 4g, 
but a fairly strong one at 8.83 yu. Classification of 
the compound is therefore uncertain, but it seems 
possible that it has both the C’1 and C’2 ring con- 
formations. 

The absorption in the region of 8.80 « appears to 


| depend not only on the axial and equatorial positions 
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TABLE 4, 


Absorption bands at 8.33 and 8.80 yw for acetylated methyl glycosides 


| 
Probable Absorption bands at— | Molar ab- 


Configuration confor- aande _.| sorbancy (|S pectrum 
mation groups index at 
8.330.024 ® 8.80-+0.05 we ® 8.80 
. “ “Me au 
Methy! tri-O-acetyl-a-p-xylopyranoside a-gluco C'l aeee- 8. 33 w 8.85 w 186 19 
Methy! tetra-O-acetyl-a-p-glucopyranoside a-gluco C'l aeeee 8. 33 w 8. 80 m 137 23 
Methy! tri-O-acetyl-a-p-ly xopyranoside a-manno C1 aaee- 8. 32 (tr) 8.768 510 21 
Methy! tetra-O-acetyl-a-p-mannopyranoside a-manno C'1 aaeee 8. 31 w 8.7858 75 25 
Methyl tri-O-acetyl-a-L-rhamnopyranoside a-manno C'l aaeee 8.33 w 8.7858 378 26 | 
Methy! tri-O-acetyl-6-L-arabinopyranoside a-gala C1 aeea- 8.33 w 8.78 s 387 22 
Methyl tetra-O-acetyl-a-p-galactopyranoside a-gala C'l aeeae 8. 35 W 8. 80 m 286 29 } 
Methyl tri-O-acetyl-8-p-xylopyranoside B-gluco C'l eeee- 20 
Methy! tetra-O-acet y1-8-p-glucopyranoside B-gluco C'l eeeee 24 
Methyl tetra-O-acet yl-8-p-mannopyranoside . B-manno C'l eaeee 27 
. A ' 
| 
Methy! tri-O-acetyl-6-L-rhamnopyranoside ___. B-manno C'l eaees 28 
Methy! tetra-O-acet yl-8-p-galactopyranoside . B-gala Cl eeeane (b) 30 
Methy! penta-0O-acet yl-p-glycero-8-b-gulo-heptopyranoside ____. B-gulo ya. aa Ps ro 8.83m | 214 } 31 


«s,m, and w indicate strong, moderately strong, and weak bands, respectively; (tr) indicates the weakest observable absorption. 


to be outside the region to be considered. 


at the glycosidic carbon but also on those positions at 
other carbons of the ring. Table 4 shows that those 
glycosides having the a-pyranose structure with no 
axial acetyl group have an average molar absorb- 
anev index of 162, and those with one axial acetyl 
group have an average index of 407. It thus appears 
that absorbancy at 8.80 uw is enhanced by the presence 
of axial acetate groups. 

The examples given clearly show the usefulness of 
infrared spectra for the study of the structure of 
carbohydrate derivatives. Most of the bands char- 
acteristic of the cyelic carbohydrate structure occur 
in the region of 8.4 to 15 yu. The spectra are complex 
and difficult to interpret because there are many 
variables, and in some cases the bands are weak 
and poorly resolved. Part of the difficulty arises 
from lack of solubility of the compounds, and opacity 
of the solvents, especially in the range of 10 to 15 wu. 
More satisfactory spectra were obtained in_ this 
range with solid substances in potassium chloride 
pellets. However, comparison of spectra for con- 
figurationally related substances in the solid state 
will be deferred to a later paper, and the remainder 
of the discussion restricted to a less comprehensive 
treatment of the absorption found in the range 2.5 


to 8.3 uw. 
5. Miscellaneous Absorption Bands 


5.1. The O-H Stretching Vibrations (2.5 to 3.2 u, 
or 4,000 to 3,125 cm™') 


The infrared absorption in the region of 2.5 to 
3.2 uw arises from O-H stretching vibrations. The 
absorption corresponding to vibration of free hy- 
droxyl groups lies in the region of about 2.75 4. The 
absorption band for the free hvdroxvl is sharp, and is 
given by most hydroxyl-containing substances in 
dilute solution in nonpolar solvents, or in the form of 
vapor. It is also given by substances in which 
steric hindrance prevents association [20]. The 
hydroxyl group normally associates with groups of 
atoms having polar attraction. The resulting hydro- 
gen bridges vary from weak to strong according to 
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>» A weak band at 8.73 « appear 


the character of the bridged atoms and the stereo- 
meric conditions. Two types of bridges are generally 
recognized: Intermolecular bridges linking two or 
more molecules, and intramolecular bridges. Inter- 
molecular (polymeric) bridges give rise to broad 
absorption bands between 2.9 and 3.1 uw. Intra- 
molecular bridges are similar to the intermolecular 
bridges but differ in that they are not broken by 
dilution with a nonpolar solvent. Bands due to 
intramolecular bridges vary considerably, but are 
generally broad. 

Spectrograms 34, 35, 36, 37, 40, and 41 are of 
compounds containing hydroxyl groups. The shape 
and intensity of the O-H absorption bands in the 
range 2.7 to 3.2 w provide information as to the state 
of the hydroxyl groups in the molecules. At this 
time, a detailed analysis of the spectra for most sub- 
stances in this region is not feasible but a_ brief 
structural analysis will be presented for penta-O-acet yl 
-aldehydo-v-galactose aldehydrol (fig. 40) and penta- 
O-acetyl-aldehydo-p-galactose hemiacetal (fig. 41). 
The absorption bands under consideration show two 
maxima, caused by the presence of free and of hydro- 
gen-bridged hydroxyls. With the aldehydrol, the 
maximum absorption for the free hydroxyl (2.78 yu) 
is greater than that for the bridged hydroxyl (2.87 
u), but with the hemiacetal, the reverse is true. 
Thus, a larger proportion of the hydroxyl groups 
seems to be free in the aldehydrol than in the hemi- 
acetal. A plausible explanation is that some of the 
hydroxyl groups in both compounds are bridged to 
the oxygen of the neighboring acetyl groups. The 
structure for the aldehydrol and hemiacetyl with a 
bridged hydroxyl would be as follows: 


H H OAe OAe H H 
AeO Cen) —— Qe Qn fn 
A \ 
H OAc H H | 6O O 
C=0---H 
CH; 


Penta-O-acetyl-aldehydo-p-galactose aldehydrol (40) 








H H OAc OAc H Hi 
ee a, C C—OC.H: 
H OAcH H O O 
C=O--H 
CH 
Penta-O-acet yl-aldehydo-p-galactose ethyl hemiacetal (41) 


Comparisons of the maxima at 2.78 and 2.87 u for 
curves 1, 2, and 3 of figure 41 show that there is little 
variation in the proportions of the free and bridged 
hydroxyls with dilution, in agreement with the pro- 
posed intramolecular linkage. The product from 
the aldehydrol would have one bridged and one free 
hydroxyl; that from the hemiacetal would have only 
the bridged hydroxyl. Thus, with an equal amount 
of hydrogen bridging, the aldehydrol would be ex- 
pected to show a higher proportion of free hydroxy] 
groups, in agreement with the bands found in the 
spectra of the two compounds. In this connection, 
it is recognized that the intensities of bands arising 
from the same functional group in different environ- 
ments are not necessarily invariant, but the differ- 
ences found appear to be too large to be ascribed to 
minor variations in absorbancies. 

A comparison of the total absorption for the 
hydroxyl groups can be used to confirm the existence 
of two hydroxyls in the aldehydrol and one in the 
hemiacetal. When measured by the method de- 
scribed on page 45, the integrated molar absorbancy 
indices for the aldehydrol and the hemiacetal in the 
region between 3,300 and 3,800 em™! (3.03 and 2.63 
uw) had a ratio of 1.88. It is known that hvdrogen- 
bridged hydroxyls absorb more strongly than free 
hydroxyls [20, 21]. Hence absorbancy for the 
bridged and free bydroxyls should not be weighted 
equally, and the ratio of integrated absorbaney 
indices must be somewhat larger than 1.88, in sub- 
stantial agreement with the existence of twice as 
many hydroxyls in the aldehydrol as in the hemi- 
acetal. 


5.2. The C--H Stretching Vibrations (3.2 to 3.5 u, 
or 3,125 to 2,857 cm™') 


The sugar acetates in carbon tetrachloride ° were 
found to give absorption in the region of 3.3 to 3.5 u. 
The absorption seems to be composed of at least five 
overlapping bands. The intensity of the bands, 
or of the components of a broad band, varies for 
different materials, and gives rise to characteristic 


shapes for the spectrograms in this region. Pre- 
sumably the absorption arises from C-—H_ bands of 
diverse type, such as those of the acetyl CH; groups, 


the terminal CH,OR groups, and the pyranse ring. 
It would be desirable, if possible, to ‘obtain inde- 
pendent evidence for the orientation of the ring 


’ Because of its absorption in this region, chloroform is not satisfactory for use 
as a solvent. 
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hydrogens, and detailed study of absorption in this 
region with a high-dispersion prism or grating might 
possibly shed light on this important question. 


5.3. The Spectral Range 3.5 to 5.5 u, or 2,857 to 
1,818 cm”! 


The few weak bands observed in this region, like 
the bands often encountered at wavelengths shorter 
than those of the O—H region, are overtones and 
combination bands. It might be of interest to 
observe this region at higher concentrations, and 
attempt to assign the bands in terms of fundamental 
frequencies. 


5.4. The C=O Stretching Vibration (5.5 to 6.0 x, 
or 1,818 to 1,667 cm™') 


All of the compounds, as expected, show strong 
absorption bands in the regions characteristic of the 
carbonyl group. To explore the effect of solvent 
and structure on the position and intensity of the 
C=O stretching band at 5.6 to 5.8 uw the maximum 
absorbancy index, dy, was determined for each 
spectrum. The results, summarized in table 5, 
show that the group absorbancy indices,a,,/n, of the 
substances are considerably lower in chloroform than 
in carbon tetrachloride solution. The difference 
may be caused by bridging between the hydrogen 
of the chloroform, and the oxygen of the acetyl 
carbonyl groups, resulting in a broade ‘ning of the 
carbonyl absorption band, and hence a lowe ring of 
the absorption maximum. Furthermore, the absorp- 
tion peak for the carbonyl band seems to be at a 


slightly longer wavelength in chloroform than in 
carbon tetrachloride solution. However, it is un- 


necessary to postulate hydrogen bridging in order to 
explain the reduced absorption in chloroform solu- 
tion. Electrostatic dispersion forces in condensed 
phases are apparently sufficient to produce this 
e {Tee ‘t (22 2}. 


TABLE 5. Group absorbancy indices for the carbon yl stretching 


hand at 5.65 to 5.8 bu 


aun logieT.)/neb 


Carbon tetrachloride Chloroform 


Type Num- Aver- Stand Num Aver-  Stand- 
ber of age ard de- ber of age ard * | 
spectra aw/n_ Viation spectra aman devi- 

ation 
Fully acetylated sugars 21 380 24 f 330 +16 
Acetylated methy!] glyco- 
sides 1] 444 + 36} 2 367 £9 | 
Acetylated sugars with a 
free hydroxyl group * 6 337 +19 | 
Acetylated open-chain 3 30s 2) H 348 +7 | 
derivatives | 
All types « 35 402 42 18 341 +19 
/3(x-7F 
. 
og Vy \ 
> Penta-O-acet yl-aldehydo-p-galactose aldehydrol (40) and  penta-O-acetyl- 


aldehydo-b-galactose ethyl hemiacetal (41) are included with the type character- 
oy by a free hydroxyl group rather than with the open-chain derivatives 

2 (3,4,6-Tri-O-acet yl-p-mannopyranose}] methyl orthoacetate (32), 1,2 [3,4- 
di- ry ace tyl-L-rhamnopyranose] methyl orthoacetate (33), and hexa-O-acetyl 
inositol (47) are special types and are not included in the treatment represented by 
this table, 
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The compounds of the present study vary with 
respect to the number and character of the O-acetyl 
groups. Table 5 shows that there are small but sig- 
nificant differences for the average group absorbancy 
indices Obtained for the fully acetylated sugars, 
acetylated methyl glycosides, acetylated sugars with 
free glycosidic hydroxyls, and acetylated open-chain 
derivatives. These differences could arise from intra- 
molecular forces between the groups attached to the 
glycosidic carbon, and the neighboring acetyl groups. 
However, because the carbonyl absorptions of the 
various acetate groups do not necessarily coincide, it 
is to be expected that the band will be broader and 
the maximum group absorbancy index somewhat 
lower for those compounds with the greatest number 
of acetate groups. 

The acetyl derivatives of the aldehyde and ketone 
forms of the sugars have generally been considered to 
be true aldehydes and ketones. However, penta-O- 
acetvl-aldehydo-p-galactose forms a hydrate and an 
alcoholate for which Wolfrom has proposed an alde- 
hvdrol and a hemiacetal structure respectively [23]. 
The results of the present study, already discussed, 
are in agreement with these structures.” If the 
carbonyl groups of the anhydrous aldehydo sugar 
acetates are free, these compounds should show a 
strong aldehydo carbonyl band in a range of somewhat 
longer W avelength than that occupied by the acetate 
carbonyl band. However, no strong absorption in 
this range was found for anhydrous tetra-O-acetvl- 
aldehydo-L-arabinose (fig. 38), penta-O-acet yl-alde- 
hydo-v-galactose (fig. 39), and penta-O-acetyl-keto-L- 
sorbose (fig. 42). Faint absorption bands at 5.95 and 
6.05 w were found in the spectrum of penta-O-acetyl- 
keto-L-sorbose, but these are too weak to support a 
free carbonyl structure, and the latter band is at too 
long a wavelength. A polymeric structure analogous 
to that of paraldehyvde seemed possible, but a mole- 
cular-weight determination for penta-O-acetyl-alde- 
hydo-p-galactose showed that this substance is truly 
a monomer.'' The data, then, appear to indicate 
that several monomeric a/dehydo sugar acetates fail 
to show absorption in a range considered to be 
characteristic of the aldehydo carbonyl group. There 
remains the possibility that an a/dehydo carbonyl 
might absorb at so nearly the same place as the 


acetate carbonyl that absorption due to the former 


would be obscured. 


5.5. The Spectral Range 6.0 to 6.7 u, or 1,667 to 
1,493 cm™! 


Absorption in the range of 6.0 to 6.7 « was found 
to be too weak for accurate determination, with the 
concentrations used in most of the measurements. 
Some of the spectra show almost complete absence of 
absorption; others show weak bands, principally be- 





Absorption spectra studies by Rowen, Forziati, and Reeves [24] show that 
the aldehyde groups in periodate-oxidized cellulose are also hydrated, and the 
material contains few, if any, free aldehyde groups 

The semicarbazones of aldehydo-p-galactose pentaacetate and of aldehydo-.- 
arabinose tetraacetate are reported to have normal molecular weight [23, 25). 
However, the structure of these products does not establish the structure of the 
parent acetates. In this investigation, aldehydo-p-galactose pentaacetate was 
found to be a monomer by means of a eryoscopic determination of molecular 
weight in benzene 
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tween 6.0 and 6.25 yw. It is interesting that penta-O- 
acetyl-aldehydo-p-galactose aldehydrol (fig. 40) 
shows a weak but definite absorption at 6.25 yu that 
is not observed for the anhydrous form, penta-O- 
acetyl-aldehydo-p-galactose (fig. 39), or for penta- 
O-acetyl-aldehydo-p-galactose hemiacetal (fig. 41). 


5.6. The CH; Vibrations (6.7 to 7.5 u, or 1,493 to 
1,333 cm) 


All of the spectrograms show absorption bands at 
approximately 7.0 and 7.3 4, presumably caused by 
deformation of the CH, groups. The 7.0-u band is 
broad and rather weak, whereas the 7.3-u4 band is 
sharp and strong. In most cases the 7.3-~ band is 
symmetrical, but in the methyl orthoacetates and a 
few other compounds it appears as a doublet, or with 
irregularities at 7.2 and 7.3 uw. The absorption at 
7.3 uw may be attributed to the deformation vibration 
of the CH, group of the normal acetate; the absorp- 
tion at 7.2 uw may arise in the methyl orthoacetates 
from the deformation vibration of the CH, group of 
the orthoacetate ring structure. Tetra-O-acetyl-6- 
p-glucose (fig. 34) and penta-O-acetyl-a-p-gluco- 
heptulose (fig. 37) show marked absorption at 7.25 u 
in addition to the normal absorption at 7.3  u. 
Slight irregularities are found in the same region in 
the spectrograms of a few of the remaining com- 
pounds. 

The acetylated methyl glycosides show a weak 
band at 6.9 u that overlaps the band due to the CH, 
symmetrical deformation vibration. This absorp- 
tion seems to be in accord with the wavelength pre- 
viously ascribed to the vibration of the CH, group 
of methanol (6.87 4) and dimethyl ether (6.83 yu) 
[1, p. 24], although it may be analogous to the 6.89- 
u band of tetrahydropyran [26]. 


5.7. The Acetate Bands at 8.0 and 8.2 » (1,250 and 
1,220 cm™') 


All of the spectra included in the present study 
show a strong absorption band at 8.2 u and a weak 
to moderately strong band at 8.0 uw. Presumably 
these bands arise from the stretching vibrations of 
the C—O bonds in the acetyl groups, and are analo- 
gous to bands shown in the same regions by other 
acetates. In most cases the 8.2-u4 band is broad, 
with several shoulders or inflections indicative of 
three or more components. The complex character 
of the bands may arise from axial or equatorial 
effects such as those described for the cis and trans 
3-acetosteroids [17, 18]. It seems significant that 
the 8.0-u band is particularly sharp for the acetates of 
the pentoses and of rhamnose, compounds that lack 
an acetyl-substituted primary alcoholic group. In 
the absence of this group, and if its absorption falls 
between 8.0 and 8.2 yu, the absorption at 8.0 u would 
appear sharper. Because furanose derivatives of 
the pentoses, unlike the pyranose derivatives, have a 
primary alcoholic group, the presence or absence of a 
sharp band at 8.0 u may serve to distinguish the two 
types of rings in the acetates of the pentoses. In 
accord with this possible distinction is the fact that 





penta-O-acetyl-a-L-sorbopyranose (fig. 13), having a 
pyranose ring similar to that of t-xylose but an acet- 
ylated primary alcoholic group at carbon 1, fails, like 
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